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11 . A b s tra c t
U ltr a s o n ic  t r a n s d u c e r s  have been  dev e lo p ed  f o r  u se  as th e  
ca th o d es  in  two d i f f e r e n t  c o a x ia l  l i q u i d - d i e l e c t r i c  t e s t  c e l l s .  These 
t e s t  c e l l s  a re  so c o n s tru c te d  t h a t  th e  l i q u i d  su rro u n d in g  th e  t r a n s d u c e r  
can be  s u b je c te d  to  a  h ig h  e l e c t r i c  p o t e n t i a l  g r a d ie n t .
R e s u lts  o b ta in e d  show t h a t ,  even w ith  no a p p l ie d  f i e l d ,  anom alous 
l i q u i d - s o l i d  i n t e r f a c i a l  b e h a v io u r o c c u rs  in  p o la r  l i q u id s  o f  low 
v i s c o s i t y .  T h is  b e h a v io u r  has been  i n t e r p r e t e d  in  te rm s o f  an a t ta c h e d  
s u r fa c e  l a y e r ,  th e  th ic k n e s s  o f 'w h ic h  has been  e s t im a te d  f o r  one p o la r  
l i q u i d  1 ,2 ,U  tr ic h lo ro b e n z e n e .
T h is  i n t e r f a c i a l  b e h a v io u r  h as  been  found t o  b e  a f f e c t e d  by  th e  
a p p l ic a t io n  o f  an e l e c t r i c  f i e l d .  However s im i la r  e f f e c t s  w ere found  
to  o c c u r  f o r  f i e l d s  d i f f e r i n g  by an o rd e r  o f  m ag n itu d e . R e s u lts  
in d i c a te  t h a t  an e l e c t r i c a l l y  s t r e s s e d ,lo w  v i s c o s i t y ,  p o la r  l i q u i d  
d is p la y s  p r o p e r t i e s  in  th e  v i c i n i t y  o f  a  ca thode  w hich a re  i n t e r p r e t e d  
as  an in d i c a t io n  o f  some deg ree  o f  r i g i d i t y  in  th e  l i q u i d .
Sm all amounts o f  u l t r a s o n ic  power w ere o b se rv ed  t o  a f f e c t  t h i s  
a p p a re n t f i e ld - in d u c e d  r i g i d i t y .
- T e s ts  perfo rm ed  on a  h ig h  v i s c o s i t y  l i q u i d ,  th e  c h lo r in a te d  
d ip h e n y l, A ro c lo r  12^8 , in d ic a te d  t h a t  i n  th e  absence  o f  an e l e c t r i c  
f i e l d  i t s  b e h a v io u r  was N ew tonian. However, u n d e r  th e  a c t io n  o f  a  
c o m p a ra tiv e ly  low  a p p l ie d  f i e l d  i t  d is p la y e d  b e h a v io u r  w hich was 
i n t e r p r e t e d  a s  a  re d u c t io n  in  v i s c o s i t y  due to  l o c a l  h e a t in g .
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SECTION 2
INTRODUCTION
92 . I n t r o d u c t io n .
T here e x i s t s  an e x te n s iv e  l i t e r a t u r e  d e s c r ib in g  e x p e rim e n ta l 
in v e s t ig a t io n s  o f  th e  r h e o lo g ic a l  b e h a v io u r  o f  l i q u id s  when s u b je c te d  
t o  e l e c t r i c  f i e l d s .  Much o f  th e  e a r ly  w ork, w hich i s  rev iew ed  in  th e  
fo llo w in g  s e c t io n ,  in d ic a te s  t h a t  th e  phenomena a r e  com plex and do n o t 
adm it o f  a  s im p le  e x p la n a tio n . The s i t u a t i o n  was to  some e x te n t  
c l a r i f i e d  by th e  p io n e e r  work o f  Andrade and Dodd (19**5) who 
c o n c e n tra te d  t h e i r  a t t e n t i o n  on th e  m easurem ent o f  th e  a p p a re n t change 
in  th e  c o e f f i c i e n t  o f  v i s c o s i ty  o f  a  l i q u i d  flo w in g  i n  a  h ig h  e l e c t r i c  
f i e l d  a p p l ie d  a t  r i g h t  an g le s  to  th e  d i r e c t io n  o f  flo w . They 
co n c lu d ed  t h a t  th e  a p p a re n t change in  v i s c o s i t y ,  w hich was o n ly  
a p p re c ia b le  in  i o n i c a l l y  co n d u c tin g  p o la r  l i q u i d s , . a ro s e  from  an 
e f f e c t i v e  narrow ing  o f  th e  ch an n e l th ro u g h  w hich th e  l i q u i d  flow ed .
H art (195*0 q u e s tio n e d  t h i s  c o n c lu s io n  and su g g e s te d  t h a t  th e  
o b s e rv a tio n s  o f  Andrade and Dodd, w hich w ere co n firm ed  by H a r t ,  a ro s e  
from  changes i n  th e  t r a n s f e r  o f  momentum a c ro s s  th e  d i r e c t io n  o f  flow  
due to  m assive  ch arg e  c a r r i e r s .
I n  o rd e r  to  r e s o lv e  th e s e  two c o n f l i c t i n g  view s i t  was d e c id e d  
t h a t  an i n v e s t ig a t io n  o f  th e  p ro p a g a tio n  o f  u l t r a s o n ic  s h e a r  waves in  
an  e l e c t r i c a l l y  s t r e s s e d  l i q u i d  w ould be w o rth w h ile , p a r t i c u l a r l y  so . 
i n  view  o f  th e  f a c t  t h a t  h ig h  freq u en cy  s h e a r  waves in  l i q u i d s  a r e  so 
s t r o n g ly  a t te n u a te d  t h a t  th e y  o n ly  p e n e t r a te  t o  a  d ep th  o f  th e  o rd e r  
o f  10 ^ cm. in to  a  l i q u i d .  Thus th e  te c h n iq u e  ap p ea red  to  b e  i d e a l l y  
s u i t e d  t o  an in v e s t ig a t io n  o f  th e  phenomena v e ry  c lo s e  t o  th e  s o l i d -  
l i q u i d  i n t e r f a c e ,  w here , acc o rd in g  to  Andrade and Dodd, th e  p h y s ic a l  
p ro c e s s  w hich gave r i s e  to  th e  e f f e c t iv e  narrow ing  o f  t h e i r  ch an n e l 
to o k  p la c e .
W ith t h i s  end in  view, two d i f f e r e n t  te c h n iq u e s  w ere d ev e lo p ed  
f o r  c a r ry in g  o u t such  in v e s t ig a t io n s .  The u n d e r ly in g  th e o ry  o f  th e s e  
m e th o d s /is  d e s c r ib e d  in  S e c tio n  A lthough th e  r e s u l t s  q u o te d  i n  t h i s
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s e c t io n  a re  n o t new, d e t a i l e d  d e r iv a t io n s  o f  some o f  them  have "been 
g iv e n  as  such  d e r iv a t io n s  a re  n o t a v a i la b le  in  th e  p u b lis h e d  l i t e r a t u r e .  
One m ethod, d e s c r ib e d  in  S e c tio n  5 , c a l l e d  th e  D ir e c t  Im m ersion T echnique 
T echn ique , in v o lv e s  th e  m easurem ent o f  th e  re so n a n t freq u en cy  and th e  
r e s i s t a n c e  a t  re so n an ce  o f  a  q u a r tz  t o r s io n a l  p i e z o e l e c t r i c  v ib r a to r  
w£en im mersed in  a  l i q u i d .  T h is  m ethod has been  so a d a p te d  t h a t  i t  i s  
p o s s ib le  to  ap p ly  a  h ig h  e l e c t r i c  f i e l d  to  th e  l i q u i d  w h i l s t  making 
th e s e  m easurem ents. A no ther m ethod, a ls o  d e s c r ib e d  in  S e c tio n  
c a l l e d  th e  Long Hod T echn ique , in v o lv e s  th e  m easurem ent o f  th e  
a t te n u a t io n  o f  t o r s i o n a l  waves p ro p a g a tin g  down a  c y l in d r i c a l  ro d  
im mersed in  a  l i q u i d .  The p r e p a ra t io n  and p u r i f i c a t i o n  o f  th e  l i q u id s  
i n v e s t ig a t e d  by th e s e  te c h n iq u e s  i s  f u l l y  d e s c r ib e d  i n  t h i s  s e c t io n .
The e x p e rim e n ta l p ro ced u re  ad o p ted  i s  d e t a i l e d  in  S e c t io n  6 and 
th e  r e s u l t s  o b ta in e d  a re  g iv e n  in  S e c tio n  J , D is c u s s io n  o f  th e s e  
r e s u l t s  and th e  c o n c lu s io n s  a re  g iv e n  in  S e c tio n s  8 and  9 r e s p e c t iv e ly .
SECTION 3
REVIEW AND ASSESSMENT OF PREVIOUS WORK
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3 .1  Review o f  p re v io u s  work on e le c t ro v is c o u s  e f f e c t s .
It has been known for many years that a strong electric field 
can give rise to effects which interfere with the measurement of 
viscosity. Whether it is possible to detect an intrinsic change in 
the viscosity due to the application of an electric field, as opposed 
to a surface effect, which gives rise to an apparent change in 
viscosity, is still an open question. In view of this, we use the 
phrase ’electroviscous effects' to cover all phenomena in which the 
Theological behaviour of a liquid is changed by the application of an 
electric field. A table, summarising the work that has been carried 
out under this heading, is given at the end of this review (page 23 ).
The f i r s t  e x p e rim e n ta l in v e s t ig a t io n s  in to  th e  dependence o f  
v i s c o s i t y  on an e l e c t r i c  f i e l d  w ere made a t  th e  tu r n  o f  th e  c e n tu ry  
by D uff (1896 ) ,  Quinke ( l8 9 7 ) 9 PochettJno (1903 ) 9 E r c o l in i  (1903) and 
by P ach er and F in a z z i (1900 ); Andrade and Dodd (19^5) have 
c r i t i c i s e d  m ost o f  th e  work o f  th e s e  i n v e s t ig a to r s  on th e  grounds t h a t  
t h e i r  e x p e rim e n ta l te c h n iq u e s  w ere in a d e q u a te  and th e  l i q u i d  sam ples 
u sed  had  an unknown d eg ree  o f  im p u r ity .  H erzog e t .  a l .  ( l9 3 3 93U) 
in v e s t ig a t e d  th e  e f f e c t  o f  an e l e c t r i c  f i e l d  on th e  v i s c o s i t y  o f  a  
l i q u i d  f lo w in g  th ro u g h  a  g la s s  c a p i l l i a r y  s i t u a t e d  betw een th e  p la te s  
o f  a  c a p a c i to r .  Such a  te c h n iq u e  w ould o n ly  be s u c c e s s fu l  i f  th e  
c o n d u c t iv i ty  o f  th e  l i q u i d  was a t  l e a s t  as  low as  t h a t  o f  th e  g l a s s ,  
o th e rw is e  th e  m agnitude o f  th e  e l e c t r i c  f i e l d  w ith in  th e  g la s s  w ould 
be much g r e a t e r  th a n  w ith in  th e  l i q u i d .  However, in  l a t e r  work th e s e  
a u th o rs  made u se  o f  a  d u c t o f  sq u a re  c r o s s - s e c t io n ,  two o p p o s i te  w a lls  
o f  w hich w ere c o n d u c tin g , th u s  a llo w in g  th e  d i r e c t  a p p l i c a t io n  o f  an 
e l e c t r i c  f i e l d  to  th e  l i q u i d  a t  r i g h t  a n g le s  t o  i t s  d i r e c t i o n  o f  f lo w . 
W ith a  s te a d y  e l e c t r i c  f i e l d  o f  2 .2  kV/cm th e y  found no v a r i a t i o n  in
/
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th e  tim e  o f  f lo w -fo r  n o n -p o la r  l i q u i d s ,  h u t w ith  p o la r  l i q u id s  th e r e  
■was an in c re a s e  in  th e  tim e  o f  flow  w hich was in t e r p r e t e d  i n  te rm s o f  
an in c re a s e  in  v i s c o s i t y .  T h is in c re a s e  v a r ie d  betw een  1 $ and l8 $ ? depending  
th e  l i q u i d  u sed . U n fo r tu n a te ly , th e s e  w orkers gave no in fo rm a tio n  
ab o u t th e  p u r i t y  o f  t h e i r  t e s t  sam p les .
D ob insk i (1935) s tu d ie d  th e  flow  o f  a l i q u i d  betw een two c o a x ia l  
c y l in d e r s  betw een w hich a  h ig h  e l e c t r i c  p o t e n t i a l  was m a in ta in e d . He 
found  t h a t  w ith  s te a d y  e l e c t r i c  f i e l d s ,  o f  up t o  V.J+ kV/cm, n o n -p o la r  
l i q u id s  showed no change in  f lo w - tim e , a s  was a l s o  th e  c a se  w ith  d ry  
p o la r  l i q u i d s .  W ith w et p o la r  l i q u i d s ,  how ever, D ob insk i found an 
e f f e c t iv e  in c re a s e  i n  v i s c o s i t y  o f  th e  same o rd e r  o f  m agn itude as  t h a t  
o b se rv ed  by  H erzog.
1 •
Sokoloy and Sos i n s k i  (1935 936) u sed  a  sq u a re  c r o s s - s e c t io n e d  
d u c t and u n id i r e c t i o n a l  f i e l d s  o f  up to  17 kV/cm. They found  t h a t  
th e  e f f e c t s  o b se rv ed  f o r  m o is t l i q u id s  w ere c lo s e ly  r e l a t e d  to  th e  
c o n d u c tio n  c u r r e n t .  T h e re fo re ,  th e y  a r t i f i c i a l l y  in c re a s e d  th e  
c o n d u c t iv i ty  o f  t h e i r  l i q u i d  sam ples by ad d ing  sm all amounts 
o f  h y d ro c h lo r ic  a c id .  As a  r e s u l t  Sokolov and Sos i n s k i  o b se rv ed  an 
a p p a re n t in c re a s e  in  v i s c o s i t y  f o r  b o th  p o la r  and n o n -p o la r  l i q u i d s .
These w orkers concluded  t h a t  "T h is  seem ing in c re a s e  o f  v i s c o s i t y ,  in  
some c a se s  g r e a t e r  th a n  100$ , in  a  l i q u i d  u n d e r  th e  a c t io n  o f  an 
e l e c t r i c  f i e l d  i s  p u re ly  a  hydrodynam ic phenomenon, due to  th e  
c o n v e c tio n  o f  a  non-homogeneous l i q u i d  p la c e d  i n  an e l e c t r i c  f i e l d " .
A lcock  (1 9 3 6 )/who used  a  r o t a t i n g  drum v isc o m e te r  and 
u n id i r e c t i o n a l  f i e l d s  o f  2 .0  kV/cm in  a  d i r e c t io n  r a d i a l  t o  th e  drum, 
ag a in u o b se rv ed  a p p a re n t v i s c o s i t y  in c re a s e s  _(in_some c a se s  g r e a t e r  
th a n  100$) f o r  p o la r  l i q u id s  o n ly . However he d id  n o t make any 
r e f e r e n c e  t o  th e  c o n d u c t iv i ty  o f  th e  l i q u id s  w hich he u sed  e x c e p t f o r  
th e  s ta te m e n t t h a t  th e y  w ere a l l . o f  com m ercial p u r i t y  a p a r t  from  a
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n itro b e n z e n e  sam ple. T h is  -work i s  open to  th e  c r i t i c i s m  t h a t  th e  
r e s u l t s  a r e  u n r e l i a b le  b eca u se  th e  r o t a t i n g  drum te n d e d  to  be 
d e f le c te d  from i t s  a x is  by th e  e l e c t r i c  f i e l d  b eca u se  o f  th e  s l i g h t  
a ssy m etry  o f  h i s  v is c o m e te r .  A lcock  d id ,  how ever, make an im p o rta n t 
o b s e rv a t io n  to  th e  e f f e c t  t h a t  th e  e le c t ro v is c o u s  phenomenon d e c re a se d  
w ith  an in c r e a s e  in  s h e a r  v e lo c i ty .
B jo rn s ta h l  (1935)9  u s in g  a  r o t a t i n g  d i s c ,  and  B jo rn s ta h l  and 
Snellm an (1939) 9 u s in g  a  r o t a t i n g  d rum . v is c o m e te r , in v e s t ig a t e d  
th e  e le c t r o v is c o u s  b e h a v io u r  o f  a l e o t r o p ic  l i q u i d s .  B r i e f l y ,  a l e o t r o p ic  
l i q u i d s ,  o r  l i q u i d  c r y s t a l s  ,f may be d e s c r ib e d  a s  s u b s ta n c e s  t h a t  
behave m e c h a n ic a lly  as  l i q u id s  y e t  d is p la y  many o f  th e  o p t i c a l  
p r o p e r t i e s  o f  a  c r y s t a l .  P a r t i a l  o rd e r  i s  p r e s e n t  w hich can  b e  
d e s c r ib e d  a p p ro x im a te ly  by  in t ro d u c in g  th e  n o tio n  o f  m o le c u la r  group­
in g s  w i th in  th e  l i q u i d ,  th e  p o p u la t io n  o f  th e s e  g ro u p in g s d e c re a s in g  
w ith  in c r e a s in g  te m p e ra tu re .
B oth a l i p h a t i c  and a ro m a tic  compounds may e x i s t  as  l i q u i d  
c r y s t a l s .  The fo rm er w i l l  be  t y p i f i e d  by th e  le n g th  and  s t r a i g h tn e s s  
o f  t h e i r  m o le c u le s , th e  l a t t e r  by th e  pronounced  g e o m e tr ic a l a n is o tro p y  
- o f  t h e i r  m o le c u le s . F or in s ta n c e  a  f l a t  m o lecu le  w ith  n o t more th a n  
one p o la r  group w i l l  have a  s t ro n g  l i k e l ih o o d  o f  fo rm ing  a  l i q u i d  
c r y s t a l  (Chapman (1965 ) ) .  J
S te w a rt (1928 ) has shown from  X -ray  ev id en ce  t h a t  such  g ro u p in g s ,
o r  c y b o ta x is  a s  he te rm ed  i t , c o u ld  e x i s t  in  l i q u id s  w hich a r e  m acro-
. . *s c o p ic a l ly  i s o t r o p i c  b u t  whose m o lecu le s  a r e  r o d - l i k e  i n  sh a p e .
*
F or a  g e n e ra l  acco u n t o f  th e  p r o p e r t i e s  o f  l i q u i d  c r y s t a l s  s e e  
* G. W. Grey (1962 ) . The s u b je c t  o f  c y b o ta x is  has been  d is c u s s e d  in  some 
d e t a i l  by F re n k e l (1 9 ^ 3 ).
/
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The a le o t r o p ic  l i q u i d  s tu d ie d  by  B jo rn s ta h l  and Snellm an was 
p -a z o x y p h e n e to l. They found t h a t  t h i s  l i q u i d  d is p la y e d  an e l e c t r o ­
v is c o u s  e f f e c t  when h e a te d  to  a  te m p e ra tu re  s u f f i c i e n t  t o  remove i t s  
a l e o t r o p ic  p r o p e r t i e s  ( i s o t r o p i c  p h a s e ) , t h a t  i s  no o p t i c a l  a n is o tro p y  
was o b s e rv a b le .  A d e c re a se  in  te m p e ra tu re ,  s u f f i c i e n t  t o  a llo w  th e  
l i q u i d  t o  d is p la y  o p t i c a l  a n is o tro p y  (nem atic  p h a s e ) ,  cau sed  an 
enhancem ent o f  th e  e le c tro v is c o u s  e f f e c t .  I n  b o th  c a se s  a  s t r o n g  
dependence on t h e , r a t e  o f  s h e a r  was o b se rv e d .
In  1937 B jo rn s ta h l  and Snellm an c a r r i e d  o u t s im i la r  ex p erim en ts  
w ith  i s o t r o p i c  l i q u i d s .  They o b se rv ed  in c re a s e s  in  v i s c o s i t y  (up to  
200$) f o r  m o is t p o la r  l i q u id s  u n d e r th e  in f lu e n c e  o f  a  u n id i r e c t i o n a l
f i e l d  o f  up t o  10 kV/cm. The r a t e  o f  in c re a s e  i n  o b se rv ed  v i s c o s i t y
- ’
d e c re a se d  m o n o to n ic a lly  a t  l a r g e  a p p l ie d  f i e l d s .  The maximum a p p a re n t 
change in  v i s c o s i t y  in c re a s e d  w ith  in c r e a s in g  c o n d u c t iv i ty  o f  th e  
l i q u i d  sam ple. They a ls o  o b se rv ed  t h a t  an  a l t e r n a t i n g  e l e c t r i c  f i e l d  
(25 Hz) gave r i s e  to  a  l a r g e r  ( f a c t o r  o f  a lm o st tw o) change in  
v i s c o s i t y  a t  t h e  maximum f i e l d  s t r e n g th  th a n  when a  u n id i r e c t i o n a l  
f i e l d  was u se d . These a u th o rs  a l s o  found  t h a t  benzene w ith  e i t h e r  
n itro b e n z e n e  o r  brom obenzene added ( i n  sm a ll q u a n t i t i e s )  d is p la y e d  
e le c t ro v is c o u s  b e h a v io u r .
Kimura, (1937) in c re a s e d  th e  c o n d u c t iv i ty  o f  benzene w ith  s t e a r i c  
a c id .  U sing a  t im e -o f - f lo w  te c h n iq u e  he o b se rv ed  t h a t ,  on th e  
a p p l ic a t io n  o f  a  u n id i r e c t i o n a l  f i e l d , t h e  v i s c o s i t y  o f  such  a  m ix tu re  
in c re a s e d  up to  a  s a tu r a t i o n  v a lu e  beyond w hich f u r th e r  in c re a s e  o f  
f i e l d  p roduced  no f u r t h e r  in c re a s e  i n  v i s c o s i t y .  I t  i s  n o t c l e a r  from  
K im u r^ s  p a p e r  what m agnitudes o f  f i e l d  s t r e n g th  w ere u se d . The 
c o n d u c t iv i ty  o f  h i s  sam ples was n o t m en tioned  a lth o u g h  th e y  w ere 
q u o ted  a s  b e in g  5% s o lu t io n s o f  s t e a r i c  a c id  in  b en zen e . .
I n  19^5 Andrade and Dodd p u b lis h e d  th e  r e s u l t s  o f  w hat was, a t
/
th e  t im e ,a  m ost com prehensive i n v e s t ig a t io n  o f  e le c t r o v is c o u s  e f f e c t s .
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Under c o n t r o l le d  c o n d i t io n s  th e y  m easured th e  flow  tim e s  o f  l i q u id s  
th ro u g h  a  r e c ta n g u la r  c r o s s - s e c t io n e d  d u c t ,  th e  w id e r s id e s  o f  w hich 
w ere c o n d u c tin g . The a p p l ie d  f i e l d  was p e rp e n d ic u la r  to  th e  d i r e c t io n  
o f  l i q u i d  flo w . For c o n d u c tin g  p o la r  l i q u id s  o n ly , i t  was found  t h a t  
th e  flow  tim e s  w ere changed on th e  a p p l ic a t io n  o f  a  s te a d y  e l e c t r i c  
f i e l d .  F ig .  (3 .1 )  i s  one o f  many s im i la r  g raphs o b ta in e d  by Andrade 
and Dodd f o r  v a r io u s  p o la r  l i q u i d s .  They found t h a t  th e  v a r i a t i o n  in  
v i s c o s i t y  w ith  f i e l d  was n o t a  l i n e a r  one and fu r th e rm o re  t h a t  f o r  any 
p a r t i c u l a r  a p p l ie d  f i e l d ,  th e  e le c t r o v is c o u s  e f f e c t  d e c re a se d  w ith  
in c re a s in g  ch an n e l d e p th . The a u th o rs  f u r th e r  found t h a t  th e  
s a tu r a t io n  v a lu e  o f  i n  b e in g  v i s c o s i ty )  was d i r e c t l y
p r o p o r t io n a l  to  th e  c o n d u c t iv i ty  o f  th e  l i q u i d .  They a l s o  o b se rv e d  
t h a t  o v e r th e  l i n e a r  p a r t  o f  th e  cu rv es  (shown in  F ig .  ( 3 .1 ) )  a  
p r o p o r t i o n a l i t y  o f^ T j/r j w ith  c o n d u c tio n  c u r r e n t  e x i s t e d .
An in v e s t ig a t io n  in to  th e  e f f e c t  o f  an a l t e r n a t i n g  f i e l d  on th e  
e le c t ro v is c o u s  b e h a v io u r  o f  co n d u c tin g  p o la r  l i q u id s  was a l s o  c a r r i e d  
o u t in  th e  freq u en cy  ran g e  0 to  20 kHz. A d e c re a se  in  th e  e l e c t r o ­
v isc o u s  e f f e c t  w ith  in c re a s in g  freq u en cy  was a p p a re n t ,  and  a t  a  
c e r t a i n  c r i t i c a l  freq u en cy  th e  e f f e c t  d is a p p e a re d  a lm o st c o m p le te ly . 
T h is  c r i t i c a l  freq u en cy  was found to  in c re a s e  w ith  e i t h e r  an  in c r e a s e  
in  te m p e ra tu re  o r  a  d e c re a se  in  ch an n e l d e p th . '
A ndrade and Dodd concluded  t h a t  th e  changes i n  v i s c o s i t y  w hich 
th e y  o b serv ed  w ere dependent on th e  c o n d u c t iv i ty  o f  th e  l i q u i d  r a t h e r  
th a n  on any i n t r i n s i c  p ro p e r ty  o f  th e  l i q u i d .  They showed t h a t  th e
a V
c r i t i c a l  f re q u e n c y , r e f e r r e d  t o  ab o v e , was o f  th e  o r d e r w h e r e  Ajl 
i s  t h e  io n ic  m o b i l i ty ,  y  th e  a p p l ie d  v o lta g e  and <dth e  c h a n n e l d e p th .
They f u r th e r  su g g e s te d  t h a t  th e  o b se rv ed  in c re a s e  in  flo w  tim e  
cau sed  by a  s te a d y  f i e l d  co u ld  be  e x p la in e d  in  te rm s o f  th e  io n ic  
p o p u la t io n  in  th e  v i c i n i t y  o f  th e  (w a ll)  e l e c t r o d e s ; "Such i o n s ,  in  
consequence o f  th e  in te n s e  lo c a l  f i e l d  a c t  a s  c e n t r e s  a round  w hich
17
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V a r ia t io n  in  th e  v i s c o s i t y  o f  a c e to n e  w ith  a p p l ie d  f i e l d .  
(A f te r  Andrade and Dodd, 19^5)
F ig .3 . I
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p o la r  m o le c u le s , i f  p r e s e n t ,  c l u s t e r .  The v i s c o s i t y  o f  a  l i q u i d  
c o n ta in in g  an a p p re c ia b le  q u a n t i ty  o f  such c l u s t e r s  -w ill exceed  t h a t  
o f  a  norm al l i q u i d .  On t h i s  b a s is  i t  i s  seen  why, f o r  a m arked 
v i s c o s i t y  change , i t  i s  n e c e ssa ry  t o  have b o th  co n d u c tio n  and p o la r  
m o le c u le s ,  s in c e  w ith o u t co n d u c tio n  th e r e  i s  no l o c a l  c o n c e n tr a t io n  o f  
io n s  and w ith o u t p o la r  m olecu les no c l u s t e r s  a r e  fo rm ed " .
An e q u a tio n  o f  th e  form  ^ ^ c ) - ^  ^ i f a , — )  was p ro p o sed  
w here ^ p r e s e n t s ' th e  v i s c o s i ty  a t  a  d is ta n c e  X  from  an  e le c t r o d e
and  H, and D a  a r e ,  r e s p e c t iv e ly ,  th e  number d e n s i t i e s  o f  p o s i t i v e  
io n s  a t  such  a  p o in t ,  th e  r a t e  o f  p ro d u c tio n  o f  io n s  b e in g  
p r o p o r t io n a l  t o  th e  c o n d u c t iv i ty  o f  th e  l i q u i d .  I t  was th e n  shown t h a t  
a  l a y e r  w ith  a  n o n -ze ro  v a lu e  o f  co u ld  e x i s t  a t  t h e •e l e c t r o d e s ,
t h e  th ic k n e s s  o f  w hich was p ro p o r t io n a l  to  th e  c u r r e n t  f lo w in g . The 
a u th o r s ,  in  th e  c o u rse  o f  t h e i r  c a l c u l a t i o n s ,  assum ed t h a t  f o r  any one 
v a lu e  o f  f i e l d  th e  c u r r e n t  was t im e - in v a r ia n t .  A ndrade and  Dodd 
a t t r i b u t e d  th e  l e v e l l i n g  o f f  in  th e  g raph  o f  v i s c o s i t y  v e rs u s  e l e c t r i c  
f i e l d  t o  th e  f a c t  t h a t  th e  e f f e c t iv e  in c re a s e  in  v i s c o s i t y  d e c re a se d  
r a p id ly  w ith  in c r e a s in g  th ic k n e s s  o f  th e  io n ic  l a y e r  on th e  e l e c t r o d e s .
- I n  195^ H art r e p e a te d  some o f  th e  experim en ts  o f  A ndrade and 
Dodd u s in g  v e ry  s im i la r  a p p a ra tu s .  A t f i r s t  he o b ta in e d  s im i la r  
r e s u l t s .  However, l a t e r  he found t h a t  th e  s a tu r a t io n  l e v e l  o f  th e  
e le c t r o v is c o u s  e f f e c t  f o r  any sam ple c o u ld  be in c re a s e d  i f  an 
a l t e r n a t i n g  sq u a re  wave v o l ta g e ,  w ith  a  freq u en cy  o f  1 Hz, was u sed .
The c o n d u c tio n  c u r r e n t  in  th e  flo w in g  l i q u i d  under th e  a c t i o n 'o f  th e  
u n id i r e c t i o n a l  f i e l d  was found to  d e c re a se  w ith  tim e  as a l s o  d id  th e  
e le c t r o v is c o u s  e f f e c t .  When th e  co n d u c tio n  c u r r e n t  had  d e c re a se d  to  
a  v e ry  low v a lu e ,  a f t e r  a  p e r io d  o f  ap p ro x im a te ly  an  h o u r ,  no f u r th e r  
e le c t r o v is c o u s  e f f e c t  was o b s e rv a b le . I f  th e  f i e l d  was rem oved f o r  a  
s h o r t  p e r io d  o f  tim e  and th e n  r e a p p l ie d ,  no s i g n i f i c a n t  change in  th e  
c o n d u c tio n  c u r r e n t  o r  e le c tro v is c o u s  e f f e c t  was found .
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H art co n c lu d ed  t h a t :  " i f  io n ic  l a y e r s  e x i s t  th e y  have a mean dep th  o f  
l e s s  th a n  0.1/ifnat each w a ll  and th e y  a r e  n o t removed by th e  m otion  o f  
a  l i q u i d .  I t  a l s o  ap p ea rs  t h a t  th e  a p p a re n t in c re a s e  i n  v i s c o s i t y  i s  
s t r i c t l y  a  fu n c t io n  o f  t h e  e l e c t r i c  c u r r e n t  and canno t be  a  sp u r io u s  
e f f e c t  cau sed  by th e  p re s e n c e  o f  sp ace  c h a rg e s" .
H art and M e rr ile e s  (1963 ) d is c u s s e d  th e  f a c t  t h a t  th e  e l e c t r i c  
f i e l d  i n  th e  b u lk  o f  a  l i q u i d  f a l l s  w ith  tim e  a s  e le c t r o d e  
p o l a r i s a t i o n  develops and t h a t  th e  c o n d u c tio n  c u r r e n t  p r o g r e s s iv e ly  
d e c re a se s  even though  th e  e x te rn a l  p o t e n t i a l  a p p l ie d  to  th e  e le c t r o d e s  
i s  h e ld  c o n s ta n t .  They g iv e s e x p e rim e n ta l ev id en ce  to  show t h a t  th e  
change in  v i s c o s i t y  a t  s u c c e s s iv e  tim e s  was p r o p o r t io n a l  to  th e  change
t
in  c u r r e n t  f o r  a  p a r t i c u l a r  a p p l ie d  p o t e n t i a l ,  in d ep en d en t o f  th e  
p ro g re s s iv e  p o l a r i s a t i o n ,  a  s i t u a t i o n  shown g r a p h ic a l ly  in  F ig . ( 3 .2 ) .  
These w orkers  concluded  t h a t  th e  in c r e a s e  in  v i s c o s i t y  was c au sed  by 
th e  t r a n s f e r  o f  momentum p e rp e n d ic u la r  t o  th e  d i r e c t io n  o f  flow  by 
m assive  ch a rg e  c a r r i e r s ,  t h i s  b e in g  th e  o n ly  mechanism th e y  c o u ld
e n v isa g e  g iv in g  an e f f e c t  p r o p o r t io n a l  t o  c u r r e n t .  The p ro p o sed  s i z e
«  ^ 9 • •o f  th e s e  c a r r i e r s  was o f  th e  o rd e r  10 m o le c u le s . An a d d i t io n a l
comment was made to  th e  e f f e c t  t h a t  some o th e r  p ro c e s s  a l s o  ap p e a re d  to
be a t  w ork , o th e r  th a n  t h a t  in v o lv in g  th e  t r a n s f e r  o f  momentum.
1
The r e q u ir e d  s i z e  o f  a  complex f o r  such momentum com m unication has 
prom oted d is c u s s io n  (Moss 1963 , H art 1963 ) .  C ybo tax is  w i th in  th e  l i q u i d  
was a d m itte d  by H art to  be a  p o s s ib le  c o n t r ib u to ry  f a c t o r  to w ard s  th e  
e le c t ro v is c o u s  e f f e c t .  However, a t  th e  end o f  th e  d is c u s s io n  he 
concluded, t h a t  "The one f a c t  t h a t  does emerge from  o u r ex p erim en ts  
( i . e .  H art & M e rr i le e s )  i s  t h a t  th e  v i s c o e l e c t r i c  e f f e c t  does n o t ,  a s  
f a r  as  we can t e l l ,  r e s u l t  from  an e f f e c t iv e  n arrow ing  o f  th e  v is c o m e te r  
c a p i l l a r y  from  double la y e r  and o th e r  p o l a r i s a t i o n  e f f e c t s  a t  th e
e le c t r o d e s " .
/
Andrade and Dodd (1 9 5 0 ), h av in g  d ism isse d  th e  low  fre q u e n c y  and
20
o
u>
Z
C9
1-0 2 0
C E L L  C U R R E N T
Change in  flow  tim e  o f  ti-am yl a c e ta te  as a  f u n c t io n  
o f  c e l l  c u r r e n t .
(A f te r  H art and M e r r i le e s ,  1963)
Fig.3.2.
21
s te a d y  f i e l d  e f f e c t s  as  sp u r io u s  due to  channe l n a rro w in g , 
d ev eloped  t h e i r  in v e s t ig a t io n  in to  th e  b eh av io u r o f  h ig h  r e s i s t i v i t y  
l i q u id s  ( f ig u r e s  a re  n o t quo ted ) under th e  a c t io n  o f  a l t e r n a t i n g  
f i e l d s .  F req u en c ie s  in  ex ce ss  o f  and up to  20 kHz w ere
u t i l i s e d  in  an a tte m p t to  a v o id  any p o s s ib le  p o l a r i s a t i o n  e f f e c t s  a t
th e  e l e c t r o d e s .  The a u th o rs  showed t h a t  f o r  n o n -p o la r  b en ze n e , i f
. . . 5
t h e r e  was an e le c t ro v is c o u s  e f f e c t ,  i t  was l e s s  th a n  one p a r t  m  10
a t  f i e l d s  o f  up to  50 kV/cm. F or d ry  p o la r  l i q u i d s ,  "A t r u e  b u t  sm a ll
in c re a s e  i n  v i s c o s i t y  A 1  was o b se rv ed  w hich was p r o p o r t io n a l  to  th e
sq u a re  o f  th e  a p p l ie d  f i e l d " .  T hat i s ,  th e y  found
A y  .  f i '
■ T -  ( 3 .1 )
For E = 20 kV/om , was t y p i c a l l y  o f  th e  o rd e r  one p a r t  i n  10^
fo r  amyl a c e t a t e ,  a t  10 kHz. T h is e f f e c t  was shown n o t to  be  due to
e l e c t r o s t r i c t i o n .  A ndrade and  H art (195^-) f u r th e r  showed t h a t  f o r  any 
v a lu e  o f  a p p l ie d  a l t e r n a t i n g  f i e l d ,  th e  e le c t ro v is c o u s  e f f e c t  f o r  
th e s e  d ry  p o la r  l i q u id s  a p p ea red  to  fo llo w  a  p a ra b o l ic  la w , 'in crea sin g  
w ith  f r e q u e n c y T h a t  i s  th e  f a c t o r  C  in  e q u a tio n  (3 .1 )  was found  to  
s a t i s f y  a  r e l a t i o n s h ip  o f  th e  form
C -
(3 .2 )
Andrade and H art (1950) n o te d  t h a t  d i r e c t i o n a l  o rd e r in g  o f  m o lecu le s  
(u n d er th e  a c t io n  o f  an  a p p l ie d  f i e l d )  w ould r e s u l t  i n  a  more 
fa v o u ra b le  com m unication o f  momentum betw een them . U sing  a  c l a s s i c a l  
Debye approach  th e y  deduced t h a t ,
2
3  v £ i r
(3 .3 )
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i s  a  f r i c t i o n a l  c o n s ta n t ,  F ^ th e  i n t e r n a l  e l e c t r i c  f i e l d  and  JZ  
t h e  d ip o le  moment o f  th e  m o lecu le . However, th e y  w ere u n ab le  to
a c c o u n t f o r  th e  freq u en cy  c h a r a c t e r i s t i c  ( e q u a t i o n ^  and concluded  
t h a t  such  a  re sp o n se  to  f re q u e n c ie s  in  th e  h ig h  au d io  freq u en cy  ran g e  
m igh t be e x p la in e d  i f  c y b o ta c t ic  groups e x i s t e d  w i th in  th e  l i q u i d .
E ise n sc h iu z  and C ole (195^) have a tte m p te d  to  e x p la in  th e  
dependence o f  e le c t r o v is c o u s  e f f e c t  on th e  sq u a re  o f  th e  a p p l ie d  f i e l d .  
They showed t h a t  th e  t r a n s f e r  o f  momentum betw een l a y e r s  in  a  flo w in g  
l i q u i d  c o u ld  b e  a l t e r e d  by th e  im p o s i tio n  o f  an e l e c t r i c  f i e l d  
p e rp e n d ic u la r  to  th e  d i r e c t i o n  o f  flow  and th e y  o b ta in e d  a  fo rm u la  
w hich gave app ro x im ate  agreem ent w ith  th e  r e s u l t s  o f  Andrade and Dodd 
f o r  p u re  d ry  p o la r  l i q u i d s .  However, t h i s  t h e o r e t i c a l  approach  
p r e d ic te d  t h a t  th e r e  sh o u ld  a ls o  b e  a  d is c e r n ib le  e f f e c t  f o r  non­
p o l a r  l i q u i d s .
/
A
pp
ar
at
us
 
Ho
st 
Li
qu
id
 
C
on
du
ct
iv
ity
 
R
es
ul
ts
 
A
dd
iti
on
al
 
C
om
m
en
ts
23
cop
-Dft
p
§
II 1 1 1
CD
!>> rd
0  H 0  *H
a  p  p
ii > •H O O •H Cd
11 0 ■P -p *H
II H CD taD rH
l ■‘H !? 'd P >  rO *H «H O P
ll P r l  3  d H  d
II *H tp a 1 P <P H
• H O O
II 0 P  H  Pi P  f t
II CD •H CD •H
II d P  <d ■P
II 0 JJ Oj »> D CO
II P to • CO *H
II O d  0 00 fd d o
II P  • CD f t  H  *H 0  s  .
1 *rl 0 P P P !>j
II S 0 P  1 o ’ 0 P  H
II O *H P O *H P O P
I I S  -P M *P H  H H  ^ 0
>>
II
II ^ ch
11 H  0 rd CD 'd t>»'d 0
II 0  *rl CD *H 0 H  0
II -P p -P P -P 0 *H P
II a3 d 03 03 d  -p P 0
II -P r> -P t> +5 p  d  *h
II 0} CD CD H  f> -P p
II -P -P O *H 0
II -P O -P O +3 CO 4£ H  -p
II O S O S o ,q  P < d  d
II f t  — S  d  ,Q d  ^
II P »d P fd P
II d p  cti P  d
H 3  H d  H
ii 0 O 0
11 Pi P  Pi P  f t
11 1 o3 1 d  1
11 p r l  P H P
11 0 O O 0 0
11 f t CM P f t p
ii •» «» cj • * f t  _
II H  *H £  P H  'd ■ . H  P .g
II 1—I O O d O d  0  H  S H O  O
II 0  H  bO -P H  H  H  CD O 0  H  CD \
II O  f t  P  P cp CO H  H  • H \ O  cp H  >
II d  (U CD *H d  -P f t  > ,  H  ^4
II r-J <P H  0 M oi f t  P  0 ft H  f t  0
II d  0 P O H  d  03 P  CD d  O *H
II «H H  P O  O CM 'd H  OJ •H f t  •
II ><! 0  H <D bu • «  0
II a3 g  0  -P 6  —  ^  P CM d  S
II O -H *H P •H 1—1 OJ *H 0 -H P  0
II O  B  f t  P Eh ^  . CQ 0  B :  -P
-=t
00
It * *H ON ft
II P  N 0 bO H CO LTN
II 0 «  0 O H  ** P  00
II p  fli ON N d  00 •H ON
II O P H P  00 P H
II a3 *h CD -P ON O
II (ii P fcp 0  H P
I
•p
oo
H
o
O P  
cp 'd  
p
A
d
P
d
HOft
PO
-4 co "s^ CD cs^ co 
<7 d
H  *P
rd  
0
IS-
•p
CO
-Pos
<p*a o <u ^
CD P  
a3 O <D *H 
P  -PO-H
P  £
d
-P H  
P r*sO
rQ -Q e-«
rd P
dg
P
H
O
f t
d 1
H P
O O
f t P
I ft
CD -P >
CO O O
O P H
P >d
O
P cp
0 0 O
P •H
d -P 0
P 0 & '
c d 0 •H
CQ M -P :
fd
ON
0 0
ON
H
P «»
d •H VO
f t  0 0
> CD ON
0 P H
H •H A
O LTNft CD 00
O O ON
CQ CQ H
o
•p
&
iH
0•H<P
T3 C—
H
Ta
bl
e 
( 
3,1
 
) 
In
ve
st
ig
at
io
ns
 
in
to
 
th
e 
E
le
ct
ro
vi
sc
ou
s 
E
ff
ec
ts
; 
"A
" 
A
lt
er
na
ti
ng
 
fi
el
d
. 
nD
" 
D
ir
ec
t 
fi
el
d
.
24
0
ft
d
0
o
o
ft
d
d
o
•H
ft
•H
rd
rd
<
0
ft
ft
d
0
0
Ph
l»ft
•H
!>
•H
f t  .
O
d
rd
d
o
o
rd
•H
d
•H
ft
ft
0
o
w
0
d
■p
d
d
d
ft
ft
0
d
0
d
O
&
a
d
oft
<u
t>
• H
-p
• H
0
d
(L)
0
0
d
ft <L)
0 ft  
O 0  0
0 ft 
ft ft ft
<d <u o
■fe^.
oo
i H
A
»>s 
f t  
• H
0
O  W  
0 ft
CO * H
t  3
d H  
0  dCO i—I
d  O  
a) ft « 
d  >> 
o  !h  H  
t i o d
H  ft O
0 f t ft0 d 1 _
• f t  *H g
f t  f t  0 O rd0 S  d f t  0
ft  d 0  • 1 *rl
d 0  g  =
f t  §  b*> ft  d0 f t  O ft O r>0 O *H CO
f t  O d 1 ft
O s  f t  d o  o
td r o f t f t  s
ft d
d
H
0  ft
1
d
o
d
ri Qj
I  d  gd 0
f t  d  0  \
0 ft >
b O f t  f t  f t  
d  0  0  
• H  g  * H  LTN 
O ft
d  a  +3 • co z 
O  - H  Q  
ft >  =
ft
d  v o  
O 00 
a o\ 
ft H
CM
-P
o0ftft
0 f t  
O
0
ft 0 
^  d
■8 h
f t  O 
-P -P
f t  0  0 >
>■ » H  
d -P 0 *H 
0 0 
ft d
o 0
0  d  
o d 
0 0 0 
H d rd 
< !  £  to
d
0
d
dft
&
d  
• H
0  + 3  
0  * h  
d  0  
0 o
d  O  
0 0 
d  * H
H  r>
■fe^.
Oo
CM
A
< 1
co
o
H  ft
O co ft  ft  
f t  *h d
• d  S . - + *
d  f t  0  
f t * H  > ;  •H ft M 
H  —  d
dft
bO d  
d  0
O
-P
d *
• H
-p
d
-P
oft
•H 0 0 
r d  r d  ^  
f t  ►> 
0  M  
d  * h  
d  f t  H
0  00
f t  cq
d
o
f t  0  
d
+ 3  0  
d  W
0  d  
f t  0  
f t  f t  
0
d
• H
d
d
0  
. d  ft 0 
d  ^  
d  d  
o .0
f t  JO
o
O  d  
0  f t
« !  B '
d ft 
0  0  
d  - H  
d Q 
f t  g  ft
d  d  
O
d  f t  
• H
0 ft 
CQ * H  
d  CQ
0 o
d  d  
d  0  
d  * H  
H  J>
i—I 
0 
•  f> 
0 0 
ft H
•rH
f t  d  
& o
• H  #H
f t  f t  
d
d  d  
d  d  
H  ft
o d
f t  CQ
r d  
f t  
0 ••H ft 
ft ft 
0
r  *  * d
<S f t  
d
o nft*
d
d  p  
0 ft
bQ  f t
rd !>i 
0 ft 
ft 0 
d  f t  
f t  d  
0 ft 
O
ft 0 
O ft 
d
r d
d
d  f t
o
d
dfto
( d
O u
p
0
•H 0 g
■d rd 0ft
bO 0 >
d •H
•H ftft o
d * ftft n
o A o
K <! ft
d ft  
-P 0
0 d
d CQ 
d t— 
O r d  CO
* r -0  d  0 \  
W d  ft
d
o
•Hft
dft
d
0
0
0
d
n
d
•
0
t>s ftft ft
• H d
d 0
bD 0
•H d
ft
•5 O
£ •
o oft 0ft d
d
•H d i—l
0
0
ft  >
0 0  0
d i> ft
0 d
d 0  d
0 0  O
d ft -H
• H O ft
ft d  »» dft 0 d
d g  ft
g •H d
CQ ft  0
rd
P •H
0ft <
0 d
0 o 0
d •H •H
0 ■p d
d •H d
0 rd 0
d ft ft
H d 0
d
dft
0  ft
1
do
S d
ft rd
ft 0
0  f t  d 
g  = d  bp 
• H P  o  d  
Eh :  f i  0
d
d  t— 
d oo
S ON 
•r l f t
w
/
Ta
bl
e 
(3
.1
 
) 
co
nt
d.
25
05
P
d
d
o
o
■d
d
o
•H
p
•Hftft
<
05
-P
05
d
«
5>>
P>
•H
i>
•H
•p
d
5
d
o
o
ft
•H
3
•H
iH
P
05
o
w
05
d
Is
d
d
8*
<1
05
d
<D
d
O
is
f t
d o
!>
d •ii. o o
d p p
05
f t
O t  ^ 1
f t
o
d
3
O d <j 05
05 d N p rH <D d
rH d H f t o
d d
ft
CO
is O
•H
P
’f t d > \ f t P d
rH d d Nft 
ft ^  d
d P •H
d ft d P d•H i "r-* O P
f t H ,l ft d 05 d d 05
d J5 
d 1"
ft d d O
— d d rH f t d
< •H  d rH P H d P
P  r> d 05 •H > d
•H  O d d & o <Dd d f t o H d ft rH
o d d o d d CQ d
i
p
d
r§
d
o
o
d
oft
05
d
05
d
d
d
o
d
H
d
oft
rd
d
d
’il
d
(D
p
<D
fi
&  d
o
o
05 -p •
rd H
•H ** ft O
d tss. d >
a* O d
•H O ** I—1
1-1 A  "S S 
* W P
d 
d
d
ft<J O
bD
d
•H
<1) 
iH 
& >»
|  p
05 ^  
d
O
d
d
d
"S
05
d _ 
d ft  
> d
d 
o
•H , .
f t  d O 
•H dO 
rd p i  
' d o  
{5 H
f t d
f i d
CO rH
O
d f tr
d 1
H d
O o
Pd d
O  g  g
H 05 a  05 o  
ft rd \  ft \  
r l ^  H r* 
f t  d M 0  4^ 
O *H *H 
ft O  ft O  
d .00 — H
•h *q  o <; o 
eh = P C  p
rd
d LT\ 
d P-
a \  
d h
rd
d «* 
d rd 
rd rd 
d O
<  Q
d
d
rH
Oft
d
Oft
P
o
dftft
d
CN|
!»
rH
d
O
05
rd
•H
rH
tsO
d•H
p
o
a 3
o d 
ft o z  a
rd
d
d  rH
o
d
d
rH
Oft
ft
I
d
o
d
d
rd
d
3
■5
rd
rd
o
o
d
d
&
rH
d
bO
d
d
ft
d
d 
CJ 
d 
f t  
05 O
■o ^
s s
d d 
h  ft
d *H 
d H 
O 
O
d
ft
d 
d 
d
g  
o 
d 
d  
d ft  
d f t
rd
d
a  =
d ft  
d z  
f t  - 
d ft  
d
a
+3 T3
d rH 
d d 
d  • H  
d ft  
d
a  z
■ A ?
bO
•h d 
ft o
■ f t  rd p
Hd |S 
•H
ft rd 
d
Z 05
(=1 d  
d  
d 
o  
d
d 
£
rd d
• 3 - Sft o
I
o
d
P
o
d
rH
d
rd
•H
rd }>s 
P
05 *H 
d 05
o
d o
g  05 
•H -H
P  >
<H
I
VO
I
o
rH
d
d
rH
Oft
N
f t
> f t  h |so d  g O H
H  d rH
f t  f t  \ f t  f t  ft
rH  k1* H  H
f t  CD f t f t  d  <U
O *H O *H *H
f t  o f t  ft
d LT\ d
g  = g s  =
•H < | O • h  «  <;
EH S  P EH =  =
f t  *
d o
d  LTV
o\
+3 CO 
d  LTV 
d  OY 
«  H
P
d
dft
f t  • 
d 05 
d
H  ft
& 
d
bO 
d  
■H 
H  P
O 
rH
O
P  f t  
a  
d
05
d
rH
■■sft
!d ft
•£,<N
• « * S .
05 M 
05 d  
O
ft  05 
•H
p  «  
05 d 
d p  
bO O 
bD f t  
d !>> 
cq a
W o
o  
d  
d
3
d
e
-d ■' 11
oft
CQ
ft
•H
i
ti
•
“bO
d
*H
p
d1 d
d ft
o d
Sd QZ d
d
d
rH
Oft
§
rH  05
f t  ft  
H  ft 0
ft
d
g =
0
° 1I -f
S 'l'w
ft
d
d
dft
d
3£i?v
d d ov 
< W  H
T
at
le
 
( 
3.1
 
) 
co
nt
d.
26
0
a?
o
o
■3
do
•H
-p
•Hrdrd
<3
0
n r f  CQ 
CQ
CQ O
d d  
* .8  
O h<d a) ft ft
f t  CQa) a
d
-P  *H 
d +3 
,d
■P |  
rd -P0 d rd 0 d SiH
S 'B.o o
O -P
0 •tiO 0 
d 0
5 3
o  a
0
0 H
^ 9•H g 
00<Dd o  
a  H
!>> I P
0
H d0 0 
d -h 
d d 
d d 
,d d 
o  o
>5
•p
•H
rH
•H
•H 0 •0 '  
o CO 
ft VO 
Ov0 i-1 0 • 
0
-PO
£od 0 
-P
d ft 
O
0
-P
0
0
K
f>s
•P
•H
i>
•H
-P
O
3
doo
0
d 0 >
•H rH 0 •H
d d -P •
0 d 0 O -P
0 O d 0 d
d •H o ft 0
0 -P d 0 0d d •H 0 0o O d d
d
•H ■§*3 d•H ft
d +3 ft d
rH- ft d rv o o
d 0 -p •H
-P i>> a d 0 -p
d -p 0 0 0 d
0 •rH d d d 0g 0 o d bD*H
0 o d ? 0 d
d o •H o rd d
O 0 rH
d •H O d ft O
H > -P •H O ft
rH
' ao
rH
VO
Io
rH
rd
•H
&
•H
-p
0om
d
d
rH
O
Ph
0
d
&ft
3
>o •
iH 0ft r d
rHft 0o •rHft
0a £
•H o
EH
0d
0
d
r§
0
0
0
rH • •H H 
d VO
d CSV
Ta
bl
e 
( 
3.1
 
) 
co
nt
d.
27
3 .2  . A ssessm ent Of p re v io u s  w ork.
At th e  tim e  o f  th e  o r ig i n a l  e x p e rim e n ta l work by A ndrade and  Dodd 
( c i r c a  1935)> th e  work o f  Sokolow and S o s s in sk i  had n o t come to  t h e i r  
not i c ^ see  Sokolov and Sos i n s k i  (1939) )• Thus A ndrade and Dodd d id  
n o t a tte m p t to  c a r r y  o u t any t e s t s  on n o n -p o la r  l i q u id s  doped w ith  any­
th in g  as  s t r o n g ly  io n ic  as  h y d ro c h lo r ic  a c id .  I t  i s  u n fo r tu n a te  t h a t  
th e  o n ly  o th e r  w orker t o  have u sed  such  a  s t ro n g ly  io n ic  a d d i t iv e  i s  
Kimura (1937)> ^ o  u sed  s t e a r i c  a c id  in  b en zen e . H is r e s u l t s  a re  
d i f f i c u l t  t o  i n t e r p r e t  q u a n t i t i v e ly  as  a  g raph  i s  g iv e n  w ith  one a x is  
l a b e l l e d  " f i e l d  s t r e n g th "  w ith  u n i t s  o f  v o l t s .  Kimura o b se rv ed  an 
e le c t r o v is c o u s  e f f e c t  v e ry  s im i la r  to  t h a t  found by  p re v io u s  w orkers  
in c lu d in g  th e  s a tu r a t io n  e f f e c t  a t  h ig h  f i e l d s .  T here  does t h e r e f o r e  
ap p ea r t o  be some ev id en ce  o f  an e le c t ro v is c o u s  e f f e c t  in  n o n -p o la r  
l i q u id s  p ro v id in g  a s t r o n g ly  io n ic  su b s ta n c e  i s  added .
Andrade and Dodd’s p o s tu la t io n  t h a t  im m ed ia te ly  fo llo w in g  th e  
a p p l ic a t io n  o f  an  e l e c t r i c  f i e l d ,  an  io n ic  im balance o c c u rs  a t  th e  
e l e c t r o d e s ,  w ith  a  co nsequen t e f f e c t  on th e  f i e l d  i n  th e  sp ace  ch a rg e  
. l a y e r ,  i s  i n t u i t i v e l y  r e a s o n a b le .  C ro ito ru - ( i 960 ) h a s  shown t h a t  th e  
o p t i c a l  a c t i v i t y  o f  a  p o la r  l i q u i d  in  th e  v i c i n i t y  o f  th e  e le c t r o d e s  
changes v e ry  r a p id ly  on th e  a p p l ic a t io n  o f  an e l e c t r i c  f i e l d .  T h is  h as  
b een  in t e r p r e t e d  a s  in d i c a t in g  an in c re a s e  in  l o c a l  f i e l d  s t r e n g t h .
The v a r i a t i o n  in  th e  K err e f f e c t  th ro u g h o u t th e  b u lk  o f  a  l i q u i d  i s  now 
becom ing an  e s ta b l i s h e d  te c h n iq u e  f o r  th e  i n v e s t ig a t io n  o f  th e  v a r i a t i o n  
o f  th e  p o t e n t i a l  g r a d ie n t  in  an e l e c t r i c a l l y  s t r e s s e d  l i q u i d ,  H i l l  and 
House (1968 ) ,  P o l la r d  and House (1968 ) .  Andrade and  Dodd found  t h a t  f o r  
a  c o n s ta n t  p o t e n t i a l  g ra d ie n t.,  an in c re a s e  in  ch an n e l d ep th  d e c re a se d  
th e  e le c t ro v is c o u s  e f f e c t .  They in t e r p r e t e d  t h i s  a s  a  d e m o n s tra tio n  t h a t  
th e  deg ree  o f  o b s t r u c t io n  (due to  m o lecu les  c l u s t e r in g  round  io n s  a t  
th e  w a lls  o f  th e  c a p i l l i a r y )  had d e c re a se d . I t  sh o u ld  be n o te d  how ever
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t h a t  in c r e a s in g  th e  ch an n e l d e p th , in  t h e i r  e x p e rim e n ts , a ls o  
in c re a s e d  th e  v e lo c i ty  o f  s h e a r  a t  th e  -w alls o f  th e  ch an n e l and 
p re v io u s  -workers u s in g  r o t a t i n g  v isc o m e te rs  have o b se rv ed  t h a t  th e  
e l e c t r o v is c o u s  e f f e c t  d e c re a se d  on in c re a s in g  th e  v e lo c i ty  o f  s h e a r .
I t  sh o u ld  b e  em phasised  h e re  t h a t  s e n s i t i v i t y  to  v a r i a t i o n  in  such  lo ¥  
v e l o c i t i e s  o f  s h e a r ,  (B jo rn s ta h l  and Snellm an r o t a t i n g  v is c o m e te r ,  
be tw een  10 and 50 cm /sec , Andrade and Dodd c a p i l l i a r y ,  10 c m /se c .)  
im p lie s  m acrom olecu lar phenomena r a t h e r  th a n  b eh a v io u r a t  a  m o le c u la r  
l e v e l .  T h is  f a c t  fa v o u rs  th e  Andrade and Dodd s u g g e s tio n  t h a t  l a r g e  
c l u s t e r s  o f  m o lecu le s  form  a t  th e  e le c t r o d e  s u r f a c e .  However H art 
(1963 ) h as  o b se rv e d , a s  have many o th e r  w o rk e rs , t h a t  th e  c o n d u c tio n  
c u r r e n t  th ro u g h  an e l e c t r i c a l l y  s t r e s s e d  l i q u i d  d e c re a se d  w ith  tim e  
o v e r  th e  p e r io d  o f  an  h o u r o r  so . T h is  phenomena has  been  in t e r p r e t e d  
i n  th e  p a s t  i n  .two w ays: e s ta b l is h m e n t o f  a  space  ch arg e  l a y e r  w hich
e f f e c t i v e l y  c o n t ro l s  th e  c u r r e n t  or; s im p ly  e l e c t r o s t a t i c  rem oval o f  
ch a rg e  c a r r i e r s  from  th e  l i q u i d .  In  b o th  H a lt 's  and in  th e  A ndrade and 
Dodd w ork , s t r in g e n t  p r e c a u t io n s ,  a g a in s t  unw anted l i q u i d  c o n ta m in a tio n , 
Were ta k e n .  I t  w ould th e r e f o r e  ap p e a r re a so n a b le  to  assume t h a t  H art 
•observed th e  e s ta b l is h m e n t o f  a  space charge la y e r  w hich n o t o n ly  
d e c re a se d  th e  co n d u c tio n  c u r r e n t  b u t a l s o  d ecrea sed  th e  e le c tr o v is c o u s  
e f f e c t , c o n t ra ry  to  th e  concep t o f  Andrade and Dodd. ‘Thus t h r e e  a s p e c ts  
o f  t h i s  e le c t r o v is c o u s  e f f e c t  a re  a p p a re n t:
(a )  The e le c t r o v is c o u s  e f f e c t  i s  a  c u r r e n t  c o n t r o l le d  phenomenon, 
i r r e s p e c t i v e  o f  th e  d eg ree  o f  p o l a r i s a t i o n  a t  t h e  e l e c t r o d e s  
( H a r t ) .
(b ) The change in  v i s c o s i t y  l e v e l s  o f f  a t  h ig h  f i e l d s  ( c u r r e n t s )  , 
(A ndrade and D odd).
(c )  The phenomenon i s  s e n s i t i v e  t o  th e  v e lo c i ty  o f  s h e a r  (B jo r n s ta h l  
and S nellm an , A lcock , and , by im p l ic a t io n  Andrade and  D odd).
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The r e s u l t s  f o r  a l e o t r o p ic  l i q u id s  -were d e l ib e r a t e ly  in c lu d e d  
in  th e  rev iew  to  i l l u s t r a t e  th e  s t r i k i n g  s i m i l a r i t y  in  b e h a v io u r  betw een 
such su b s ta n c e s  and s o - c a l l e d  i s o t r o p i c  p o la r  l i q u i d s .  A ll  th e  
e le c t ro v is c o u s  e f f e c t s  t h a t  have b een  o b se rv ed  in  c o n d u c tin g  -p o la r  
l i q u id s  have been  o b se rv ed  in  l i q u i d  c r y s t a l s  to  a  more p ronounced  
e x te n t .  In  t h i s  c o n te x t ,  a  p a p e r by C arr (1 9 6 3 ), on th e  in f lu e n c e  o f  
an e l e c t r i c  f i e l d  on th e  d i e l e c t r i c  l o s s  o f  th e  l i q u i d  c r y s t a l  
p -a z o x y a n is o le ,  i s  o f  p a r t i c u l a r  i n t e r e s t .  C arr i s  o f  th e  o p in io n  t h a t  
th e  m o lecu les  o f  t h i s  su b s ta n c e  a l ig n  th e m se lv es  w ith  t h e i r  lo n g  axes 
p e rp e n d ic u la r  to  an a p p l ie d  e l e c t r i c  f i e l d  p ro v id e d  th e  sam ple i s  o f  a, 
v e ry  h ig h  deg ree  o f  p u r i t y .  F u r th e r ,  he s t a t e s  t h a t  th e  a lig n m en t w ith  ^he 
lo n g  axes p a r a l l e l  t o  th e  e x te r n a l  f i e l d ,  w hich i s  o f te n  o b se rv e d , 
ap p ea rs  to  be  due to  an e x tre m e ly  sm all amount o f  im p u r ity  and t h a t  t h i s  
a lig n m en t ap p ea rs  to  be  a s s o c ia te d  w ith  th e  c o n d u c t iv i ty ,  w ith  an 
a lig n m en t p roduced  such  t h a t  th e  c o n d u c t iv i ty  i s  a  maximum in  th e  
d i r e c t io n  o f  th e  f i e l d .
One m ight i n t e r p r e t  t h i s  view  as  b e in g  e l e c t r o s t a t i c  a lig n m en t i n  
th e  p u r e  ca se  and hydrodynam ic a lig n m en t in  th e  seco n d , i o n i c a l l y  
c o n d u c tin g , c a s e .  T h is  l a t t e r  case  c e r t a in l y  ap p ea rs  co m p a tib le  w ith  
th e  e le c t ro v is c o u s  r e s e a r c h  c a r r i e d  o u t by  B jo rn s ta h l  and Snellm an on 
a le o t r o p ic  l i q u i d s .  T h e ir  r e l a t i v e  la c k  o f  su c c e ss  when a t te m p tin g  to  
ap p ly  an e l e c t r o s t a t i c  th e o ry  m ight a l s o  be  e x p la in e d .
The cru x  o f  th e  m a tte r  i s ,  does c y b o ta c t ic  b e h a v io u r  o c c u r in  
i s o t r o p i c  p o la r  l i q u i d s ,  t h a t  i s  i n  th e  b u lk  o f  th e  l i q u i d ,  even when 
u n s t r e s s e d ,  r a t h e r  th a n  m ere ly  a t  th e  e le c t r o d e s ,  as  p o s tu la te d  by  
Andrade and Dodd f o r  a  s t r e s s e d  l iq u id ?  I f  such  c y b o ta x is  e x i s t s  th e n  
th e  r e l a t i v e l y  l im i t e d  su c c e ss  o f  E is e n c h itz  and C o le , when a p p ly in g  an 
e l e c t r o s t a t i c  th e o ry  to  th e  e le c t ro v is c o u s  e f f e c t  may b e  e x p la in e d .
The X - r a y S t e w a r t  (1928 ,31) and  th e  comments by Chapman (1965 )
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g iv e s  some ev id en ce  f o r  such  in t e r n a l  s h o r t  ran g e  o rd e r .  F re n k e l (19^3) 
h as  d is c u s s e d  th e  p o s s i b i l i t i e s  o f  c y b o ta x is  and th e  therm odynam ics 
t h e r e o f .  The u l t r a s o n ic  work o f  L i t o v i t z ,  ( L i to v i t z  e t a l  195^*
L i to v i t z  and M cD uffie, 1963, f o r  exam ple) h as  p roduced  r e s u l t s  w hich 
have been  i n t e r p r e t e d  in  te rm s.-o f a  s t r u c t u r e  w ith in  th e  l i q u i d .  The^e 
a u th o rs  su g g e s t t h a t  "The s t r u c t u r a l  r e l a x a t io n  tim e  i s  a  r a t e  d e te rm in ­
in g  s te p  ( in  p o la r  o r  a s s o c ia te d  l i q u id s )  in  th e  d i e l e c t r i c  r e l a x a t io n  
p ro c e s s  and t h a t  th e  o r ig i n  o f  th e  d i s t r i b u t i o n  o f  d i e l e c t r i c  
r e l a x a t io n  tim e s  i s  th e  d i s t r i b u t i o n  o f  s t r u c t u r a l  r e l a x a t io n  t im e s " .
These s ta te m e n ts  le n d  C o n s id e rab le  su p p o rt to  th e  e x is te n c e  o f  
c y b o ta x is  in  ’ i s o t r o p i c !  p o la r  l i q u i d s .  The n e x t q u e s t io n  i s ,  w h e th e r 
enough m echan ica l i n t e r a c t i o n  can o c c u r betw een  a  charge  c a r r i e r  and 
such  g ro u p s. I t  i s  known t h a t  when a  l i q u i d  i s  sh e a re d  in  a  v isc o m e te r  
pronounced  b i r e f r in g e n c e  w ith in  th e  l i q u i d  may be o b se rv ed  a t  th e  w a lls  
o f  th e  v is c o m e te r ,  E dsaU .19^2, S ig n e r  195^• Thus one m igh t ex p ec t some 
d eg ree  o f  m o le c u la r  o r i e n t a t i o n  to  o c c u r when an o b je c t  t r a v e l s  th ro u g h  
th e  l i q u i d .
S tro n g  hydrodynam ic in t e r a c t io n  betw een  io n s  and l i q u i d  h a s  b een  
•o b se rv ed  u n d er h ig h  f i e l d  c o n d i t io n s ,  Ostroumov (1 9 5 6 ) , S te u tz e r  ( l9 6 l )  
and £ r a y  and Lewis (1965*68 ) .  However, no work ap p ea rs  to  have b een  
c a r r i e d  o u t on th e  p o s s ib le  b i r e f r in g e n c e  p roduced  by' such  io n ic  m o tio n .
From th e s e  rem arks i t  i s  p o s s ib le  t o  p u t fow ard th e  fo llo w in g  
t e n t a t i v e  e x p la n a tio n  o f  th e  e le c t ro v is c o u s  e f f e c t .  The p re se n c e  o f  an  
e l e c t r i c  f i e l d  cau ses  co n d u c tio n  to  o ccu r . I t  i s  th e  i n t e r a c t i o n  
betw een th e  ch arg e  c a r r i e r s  and c y b o ta c t ic  groups w i th in  th e  l i q u i d  
w hich cau ses  a  change in  th e  m echan ica l r e l a t io n s h ip  betw een  th e s e  g ro u p s . 
■This r e s u l t s  i n  a  change in  v i s c o s i ty ,  a t  low r a t e s  o f  s h e a r .
I t  i s  c l e a r l y  im p e ra tiv e  t h a t  some t h e o r e t i c a l  e s t im a te  sh o u ld  b e  
made o f  th e  s t r e n g th  o f  th e  i n t e r a c t i o n  betw een ch arg e  c a r r i e r s  i n
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m otion  and  th e  c y b o ta c t ic  g ro u p s . T h is  i s  an ex tre m ely  d i f f i c u l t  
u n d e r ta k in g  s in c e  th e r e  e x i s t s  no q u a n t i t a t iv e  th e o ry  o f  c y b o ta x is  
an d , fu r th e rm o re , th e  e x a c t n a tu re  o f  th e  ch arg e  c a r r i e r s , t h a t  i s  
w h e th e r th e y  a re  s in g le  io n s  o r  io n s  w ith  a t ta c h e d  m o lecu le s  o r  j u s t  
u n a t ta c h e d  e l e c t r o n s ,  i s  unknown.
D e s p ite  th e  a t t r a c t i v e n e s s  o f  th e  e x p la n a tio n  j u s t  p u t fo rw a rd , i t  
h as  n o t y e t  b een  e s ta b l i s h e d  beyond doubt w h eth er th e  e le c t r o v is c o u s  
e f f e c t  i s  p r im a r i ly  a s s o c ia te d  w ith  pehnomena a t  th e  e le c t r o d e s  o r  w ith  
pehnomena ta k in g  p la c e  i n  th e  b u lk  o f  th e  l i q u i d .
I n  o rd e r  t o  t r y  to  r e s o lv e  t h i s  q u e s tio n  i t  was d e c id e d  to  
i n v e s t i g a t e  th e :- rh e o lo g ic a l  p r o p e r t i e s  o f  an e l e c t r i c a l l y :  s t r e s s e d  
l i q u i d  c lo s e  t o  an e le c t r o d e  s u r f a c e .  The id e a l  te c h n iq u e s  f o r  t h i s  
p u rp o se  a r e  th e  u l t r a s o n ic  s h e a r  wave te c h n iq u e s  o r i g i n a l l y  d ev e lo p ed  by 
Mason (19^7) and McSkimin (1 9 5 2 ). In  th e s e  te c h n iq u e s ,  u l t r a s o n ic  
s h e a r  waves a re  la u n c h e d  in to  th e  l i q u i d  and th e  damping e f f e c t  o f  th e  
l i q u i d  m easured . F o r m ost l i q u id s  th e  a t te n u a t io n  o f  th e  waves i s  such  
t h a t  th e y  e f f e c t i v e l y  p e n e t r a te  o n ly  a  sm a ll d is ta n c e  i n to  th e  l i q u i d .  
T y p ic a l ly  a  l i q u i d  o f  v i s c o s i t y  1 .0  p  w ould have an  a t te n u a t io n  o f  
'•ap p ro x im ate ly  10^ n ep ers /c m . (Assuming G ^  1010 dynes/cm 2 , ^  = 1 gm/ml, 
se e  e q u a tio n  ^ . 2 . 9 b ) .
SECTION k
THEORY
i^ .l  I n t r o d u c t io n .
The b a s ic  p r in c i p le s  o f  th e  D ire c t  Im m ersion T echnique f o r  th e  
m easu rin g  v i s c o s i t y  o f  l i q u id s  w ere l a i d  down by Mason (19^7) i n  a  
p a p e r e n t i t l e d  "M easurement o f  th e  v i s c o s i t y  and s h e a r  e l a s t i c i t y  o f  
l i q u i d s  by  means o f  a  t o r s i o n a l l y  v ib r a t i n g  c r y s t a l " .  The a n a ly s i s  
g iv e n  in  t h i s  p a p e r i s  somewhat condensed  an d , a t  t im e s ,  d i f f i c u l t  t o  
fo llo w . In  a d d i t io n  Mason c o n f in e s  h i s  a t t e n t i o n  m a in ly  to  
N ew tonian l i q u i d s .  C o n seq u en tly , as  a  d e t a i l e d  d e r iv a t io n  o f  th e  
fo rm u lae  d e s c r ib in g  th e  b e h a v io u r o f  a  v ib r a t in g  c r y s t a l  im m ersed in  
a  non-N ew tonian l i q u i d  i s  n o t a v a i la b le  in  th e  l i t e r a t u r e ,  i t  was 
d e c id e d  to  e x ten d  Mason’s  a n a ly s i s  to  non-N ew tonian c a se sa n d  th e  
d e t a i l s  a r e  g iv e n  in  s e c t io n s  ( ^ .2 )  and ( ^ .3 ) .  !
The Long Rod T echnique has been  f u l l y  a n a ly se d  by  McSkimin 
(1952) in  a  p a p e r e n t i t l e d ,  "M easurement o f  Dynamic S h ear V is c o s i ty  
and  S t i f f n e s s  o f  V iscous L iq u id s  by means o f  T ra v e l l in g  T o rs io n a l  
W aves", and r e q u ir e s  l i t t l e  a m p l i f ic a t io n  o th e r  th a n  t o  show th e  
a p p l i c a b i l i t y  o f  a  d u a l c e l l  system  t o  m easure v i s c o s i t y  change 
(S e c tio n  U .U ).
In  o rd e r  .to  p re s e rv e  c o n t in u i ty  betw een  t h i s  work and p re v io u s  
w ork, b o th  on u l t r a s o n ic s  and e l e c t r o s t a t i c s ,  th e  c .g .s - .  sy stem  o f  . 
u n i t s  h as  been  u sed . W herever p o s s i b l e ,  th e  d im ensions o f  a l l  th e  
q u a n t i t i e s  m entioned  in  t h i s  work a re  g iv e n .
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U .2  M acroscopic B ehav iour o f  a  l i q u i d  under th e  a c t io n  o f  sh e a r  
w aves.
An id e a l  l i q u i d  c a n n o t, in  e q u i l ib r iu m , su p p o rt a s h e a r  s t r e s s .  
Such a  l i q u i d ,  when, s h e a re d , w i l l  have imposed on i t  a  v e lo c i ty  
g r a d ie n t  p r o p o r t io n a l  t o  th e  a p p lie d  s h e a r  s t r e s s .  Thus f o r  th e
s i t u a t i o n  d e p ic te d  in  F:
X
f  IS 4 *2-1
th e  v e lo c i ty  g r a d ie n t  %  i s  r e l a t e d  to  th e  sh e a r  s t r e s s ,  P , by th e  
N ew tonian fo rm ula
P  =  ^  c h s  ,
o f y  (U .2 .1 .)
in  w hich VJ i s  th e  dynamic v i s c o s i ty  . •
P o is so n  ( l8 3 l )  su g g e s te d  t h a t  r e a l  l i q u id s  c o u ld  su p p o r t a  s h e a r  
s t r e s s  f o r  a  l im i t e d  p e r io d  o f  t i n e .  Such v i s c o e l a s t i c  b e h a v io u r  was 
in v e s t ig a t e d  by Maxwell (1867 ) who p o s tu la te d  th e  fo llo w in g  
g e n e r a l i s a t io n  o f  e q u a tio n  (U .2.1 ')
in  w hich G i s  th e  s t i f f n e s s  o f  th e  l i q u i d  d e f in e d  in  an a p p r o p r ia te  
system  o f  u n i t s .  Thus i f  a  c o n s ta n t  v e lo c i ty  g r a d ie n t  w ere t o  b e  
sud d en ly  im posed on th e  l i q u i d  t h i s  e q u a tio n  im p lie s  t h a t
w hich i s  i l l u s t r a t e d  in  F ig . ^ .2 .2 .
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t
l a y
fig4-2-2
We can c o n t r a s t  t h i s  b e h a v io u r  w ith  t h a t  o f  a  N ew tonian l i q u i d  and a  
p u re ly  e l a s t i c  medium by means o f  F ig s .  ( k .2 .3 )  and ( ^ .2 . i |)  
r e s p e c t iv e ly .
P
t
P
t
NEWTONIAN
fig4-2-3
ELASTIC
7  d v  , >t >o 
c c y
f ig4‘2-4
P ~  ,  6  > °
C onsequen tly  a K axw ellian  l i q u i d  behaves a s  an e l a s t i c  medium f o r  
tim e s  l e s s  th a n  a  c h a r a c t e r i s t i c  tim e  ^  '7/e and f o r  much 
g r e a t e r  tim e s  as  a  N ew tonian l i q u i d .  I t  i s  c l e a r ,  t h e r e f o r e ,  t h a t  
th e  b eh a v io u r o f  a  l i q u i d ,  s u b je c te d  to  r a p id ly  a l t e r n a t i n g  s h e a r  
s t r e s s e s  , w i l l  be s t r o n g ly  in f lu e n c e d  by e l a s t i c  e f f e c t s  w hich can n o t
b e  ig n o red
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i
C on sid er a  sm a ll elem ent o f  volume o f  a l i q u i d  bounded by th e
p la n e s  X ,  X - f & c ;  M .  y f y  Suppose t h a t
th e  v e lo c i ty  o f  th e  l i q u i d  ly in g  in  a  p la n e  H  ,s  i n  th e
- d i r e c t i o n .  The v a r i a t i o n  o f  t h i s  v e lo c i ty  betw een th e  p la n e s  y  and
c  .OV i s  d e te rm in ed  by th e  s h e a r  s t r e s s e s  im posed on th e s e  p la n e s .
r t  1
For a  p u re  N ew tonian l i q u i d  we have a t  fa c e  y ,
w hereas a t  
By T ay lo rs  theorem
-f f u ' d P y .
t h e r e f o r e ,
( h . 2 . k )
B u t,b y  Newtons Second Law, th e  a c c e le r a t io n ,  2 =  *UL f o f  th e  e lem ent 
o f  volume $  DC- . S ^  i s  g iv en  by ; "
Hence.
'■i = p d t t ,  =•
<» r 3 •
( i t .2 .5 )
w here i s  th e  d e n s i ty  o f  th e  medium. Combining e q u a tio n s  ( ^ .2 .^ )  
and  ( i f .2 .5) we o b ta in
( f r i p 3 i
(U.2.6)
w hich i s  o f  th e  same form  as F o u r ie r ’s e q u a tio n  g o v ern in g  h e a t  
c o n d u c tio n . I t  sh o u ld  be  n o te d  t h a t  t h i s  e q u a tio n  c o n ta in s  o n ly  a
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f i r s t  o rd e r  d e r iv a t iv e  w ith  r e s p e c t  t o  tim e  t ,  and m ust t h e r e f o r e  he  
d is t in g u is h e d  from  a  wave e q u a tio n  ( s e e  e q u a tio n  ( h . 2 . 9 )  b e lo w ).
We now w ish  to  g e n e r a l i s e  e q u a tio n  (H .26) t o  ta k e  acco u n t o f  
v i s c o e l a s t i c  e f f e c t s  a s  d e s c r ib e d  by M axw ell's  e q u a tio n  (1+ .2 .2 ). 
E q u a tio n  ( ^ .2 .5 )  i s ,  o f  c o u rs e ,  s t i l l  v a l id .  For th e  s i t u a t i o n  
i l l u s t r a t e d  i n  F ig .  (U .2 .5 )* e q u a tio n  (U .2 .2 )  im p lie s  t h a t
w hich means t h a t -  %  1-f
But
" 3  P *  _ "o'of'fro  -  7  7 )  3 ^
^  ^  - a l
(e q u a t io n  ( ^ . 2 . 5 ) ) ,  t h e r e f o r e
• ^  3 1 & .
3 %  d \  .
:  ■ 7  d e
I f  th e  k in e m a tic  v i s c o s i t y ,  , d e f in e d  by th e  r e l a t i o n
. / pi s  u sed  we f in d  t h a t  Je
Bit, -ijl 3V, -f _/ §& .
w  s  a e  -c  9 /
( 1 ^ .7 )
T h is  e q u a tio n  d e s c r ib e s  s h e a r  waves t r a v e l l i n g  a lo n g  th e  y - a x is ,  
The f a c t o r  C en su re s  t h a t  wave p ro p a g a t io n , w ith  f i n i t e  v e lo c i ty
ta k e s  p la c e .  I f  "v) te n d s  to  i n f i n i t y ,  th e  v e lo c i ty  o f  p ro p a g a t io n
I y*» j
w ould b e  /Gi / n  • The te rm  — acc o u n ts  f o r  energy
/ f t  - v  ' B b
d i s s ip a t io n  and th u s  th e  s o lu t io n s  o f  e q u a tio n  (U .2 .7 )  w i l l  be
a t te n u a te d  w aves. F u r th e r  i n s ig h t  in to  t h i s  e q u a tio n  can be  o b ta in e d
/  ’ # 
by n o tin g  t h a t  th e  e l e c t r i c a l  system  d e s c r ib e d  by such  an e q u a tio n
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i s  a  t r a n s m is s io n  l i n e  h av in g  th e  e le m e n ta l s t r u c t u r e  shown in  
F ig .  U . 2 . 6 .
■ n p p p -
J - J
' f i g  4 ' 2 * 6
We now p ro cee d  to  o b ta in  a  s o lu t io n  o f  e q u a t i o n ( U . 2 . 7) f o r  th e  c a se  
i l l u s t r a t e d  in  F ig . U .2 .7 . in  w hich s h e a r  waves a r e  la u n ch ed  by  th e  
harm onic m otion  o f  an i n f i n i t e  p l a t e  ly in g  in  th e  p la n e  y  = o and 
v ib r a t in g  in  th e  ^ .- d i r e c t io n .  We s tu d y  s h e a r  waves p ro p a g a tin g  a lo n g  
th e  p o s i t i v e  y  d i r e c t i o n  in to  an i n f i n i t e  volume o f  l i q u i d .
• y = 0  f i g  4 - 2 ' 7
The -s o lu tio n  o f  e q u a tio n  ( U . 2 . 7) w i l l  be  a  p la n e  wave p ro p a g a tin g  
a lo n g  th e  p o s i t i v e  y - a x is  and th e r e f o r e  we may w r i te
V , A i , 6 ) =  F e  Y ( o , o ) e > P f a t - 4 y ) ,
J  *  ( U . 2 . 8 )
w here d en o tes  ' r e a l  p a r t  o f 1 and \ ( o , d j  C o s i z L i s  th e
v e lo c i ty  o f  th e  p l a t e  v ib r a t in g  w ith  freq u en cy  (
I n s e r t i n g  e q u a tio n  ( U . 2 . 8) in to  e q u a tio n  ( U . 2 . 7) we f in d  t h a t
- f
2
cc^ > 
G  S >
C le a r ly  K ,  th e  wave num ber, i s  com plex and i f
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P J * . 2 4 , 4 Z = £ 2
•9
B ecause ^  and ^  m ust Be r e a l  and p o s i t iv e *
= ^ l A  f  A  / / - + —
V 2 < j /  a/ Co  c ( 4 .2 . 9a)
- CO S T / - /  *  Jh
2 ^ 1  J Co2? *
(4 .2 .9 b )
in  w hich TT^ (s e e  F ig .  4 .2 .2 ) .  C onsequen tly ,
,£ . ) =  & ! ° Y ! ( o to ) e v p ( - 1 ? 2 - h ) & p c ( c } t - $
f y -  ~  ’j
and from  e q u a tio n  ( 4 .2 .5 ) ,
dj^ zVe.ca>J> X (o , dj e * f { -  42y)e^p
' d ' l j  "
a n d 'h e n c e ,
P j  ( y A  = U / - o j ^ y O , i j ) e x p c ( o t - # l i
Now hy hi t  J i s  th e  s t r e s s  a p p l ie d  to  th e  l i q u i d  and th e r e f o r e
i s  th e  s h e a r  s t r e s s  e x e r te d  on th e  p l a t e .  We may
. 3in tro d u c e  a  q u a n t i ty  Z g ,te rm ed  th e  s p e c i f i c  complex s h e a r  m e ch an ic a l 
im pedance a p p l ie d  t o  th e  p l a t e  hy th e  l iq u id ^ b y  means o f  th e  r e l a t i o n
r>*
Za Complex form  o f  • %
Complex form  o f  V* ( 6 , 6 . )  ( 4 .2 .1 0 a )
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Thus
Z
I Q ( ?  -
■which, in  view  o f  equations (U .2 .9a)  and (U.2 .9h)  reduces to
—h tor -hi —L -  o r 1
2 /JJl+ cJzz /-j-lo'?1 /-hcS?J
(U.2 .10b)
From w hich i t  may b e  deduced th a t
a  r € * r f  - v )  & and j Y + K )2 c o j i / ? X e
( U .2 . 11)
F or N ew tonian b e h a v io u r ,  from  F ig . ( U .2 . 2) > Xo>7' ^
2. ' (U .2 .12 )
U.3  T o rs io n a l  O s c i l l a t i o n s  o f  a  p i ^ o - e l e c t r i c  t r a n s d u c e r .
C o n sid e r a  c y l in d e r  o f  d e n s i t y ^  , r a d iu s  a  and le n g th  2 t ,  
e x c i te d  p i e z o e l e c t r i c a l l y  in to  t o r s i o n a l  o s c i l l a t i o n s  i n  th e  
fundam en ta l mode w ith  a  node a t  th e  c e n t r e  as shown in  F ig . U .3 .1 .
<
i =0
J- t i
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The equation governing such oscillations may he obtained by 
focussing attention on the behaviour of a small element of the 
cylinder, of length , at a distance from the node.
If
§ 0  - f i g  4 ’3 ' 2
M(^ ,t.) is the torque acting on the cylinder at the plane ^  , 
in the direction of 0  increasing, the element &^  is acted on by 
two opposing torques at the top and - t V t .  o
at the bottom. The equation of motion of the element is
■ }  i  ’ ^
where is the moment of inertia and where the
term takes account of damping due to internal friction.
In view of the relation,
(Landau & Lifshitz(1 9 5 9 ) ) ,  
where C is the modulus of rigidity of the rod, we obtain,
r \2
Ti 0 4 /7  oQ -t cfcB~ C-Tt c? 'x )sS
2  °  ^ t 2 J 3 1  2  W
a  ( 4 . 3 . 2 )
This equation has to be solved subject to particular boundary 
conditions. As we are concerned with steady state oscillations, 
driven piezo-electrically, the solution of equation (U.3.2) is of the
42
fo rm ,
0(^,0 - Bccsyp
i n  w hich d en o tes  ' t h e  r e a l  p a r t  o f " .  B ecause we a r e  co nce rned
w ith  th e  fundam en ta l mode w i th  a node a t  J . =  B m ust v a n ish  and
0 (%,€) '  ^  exp(i(c>0/\oU y z .
0  1 °  ( 4 .3 .3 )
These d r iv e n  o s c i l l a t i o n s  a r e  ca u se d , e f f e c t i v e l y ,  by a  to rq u e  D E(t)
a p p l ie d  to  th e  ends o f  th e  ro d . E ( t )  i s  th e  v o lta g e  a p p l ie d  a c ro s s
th e  e le c t ro d e s  on th e  s u r f a c e  o f  th e  ro d  and  D i s  a  c o n s ta n t
d e te rm in ed  by th e  d im ensions and by th e  p i e z o e l e c t r i c  p r o p e r t i e s  o f
th e  ro d . C onsequen tly  we have th e  fo llo w in g  boundary  c o n d i t io n  a t
y ( ,
M ( t )  =  C j _ a / d e )
2  ' d ' f r / y -  t  ( 4 . 3 . 4 )
S u b s t i t u t io n  o f  e q u a tio n  (U.3 .3 )  in t o  e q u a tio n  ( ^ .3 .2 )  le a d s  to  th e  
e q u a tio n
C
2
( 4 . 3 . 5 )
i n  w hich
r 1o-C
In  view  o f  e q u a tio n s  ( ^ .3 .3 )  and ( ^ .3 .^ 0  9 ^  must v a ry  s in u s o id a l ly  
w ith  a n g u la r  freq u en cy  CD . Hence, i f
E (t) - Ve .Ec &/>((<*£) ,
/
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Then
C T ? Cos<j£,
R  =  2 2 > £ .
C H a *  y  Cos
and so
n ^ ~  2 J )C 0 f € * p  £&(: vc*  %%) .
: . c s d *  (  ^
The c h a r g e , o n  th e  t r a n s d u c e r  e le c t r o d e s  i s  r e l a t e d  t o  th e  t o t a l  
a n g le  o f  tw i s t  2B(U) by th e  fo rm u la  ,
Cj(t) =
.= E X o V e
in  which C. 0 i s  the e lec tro d e  capacitance o f  the transducer. 
Substitu ting f o r f r o m  equation ( .  3 • 6) and d if fe r e n t ia t in g  w ith  
resp ect to  tim e, t ,  we fin d  th at th e current A- ~ d c p  i s  given by
oC t
^ ( t ) z= j^ £ loe * p  Lu>t =  U h u E C ^ p  ite(:+cu>4b £ o /o irg fe^ p . j
I C Tctf y  CtyyC.
( i f .3 . 8a)
which may be w ritten
l a b i l e £ £ - / ■ ^ 'c a 4 jS E q O c » ^ t f  . . .
CTJ'O’tfCoSciC.
0 !  (It.3 .8b)
/•
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The e q u iv a le n t  c i r c u i t  o f  th e  t r a n s d u c e r  may be o b ta in e d  d i r e c t l y  
and is-sh o w n  i n  F ig . ^ .3 .3 .
_  x
B y  _  .£Co 43> S t n j t  
2 ' ■ C TlQ * H c o s y t
f i g 4 -3 ' 3
When th e  t r a n s d u c e r  i s  in  m ech an ica l re so n an ce  so a ls o  i s  th e  
e l e c t r i c a l  c i r c u i t .  T h is  means t h a t  Y2 m ust b e  r e a l .  I n  th e  absen ce  
o f  damping Y i s  r e a l  and i n f i n i t e  a t  th e  undamped n a tu r a l  
freq u en cy  * From e q u a tio n  ( ^ .3 .5 )  w ith '* '"* -O  v e  se e  t h a t
i
say
(H .3 .9 a )
and i t  i s  seen  t h a t  e q u a tio n  ( U. 3 .2 )  becomes th e  e q u a tio n  f o r  Undamped
waves o f  v e lo c i ty  ^  . In  th e  undamped fundam enta l mode, th e  wave
le n g th  *^0 must be  e q u a l to  4 t  . T h e re fo re ,
hence
i
For f i n i t e  damping cj i s  com plex, w r i t in g
1  = i< ' L i* ’
(U .3 .9 b )
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from  e q u a tio n  (^ -.3 .5 ) i t  i s  a p p a re n t t h a t
1  =  i - ^
J 2 . O 0 fj  J  r/4 Co
<it  =  j i “ - - I  + '  /  +  < * ? * *
J 2 « J  J  rV 4
When Y ' i s  v e ry  s m a l l , 
*  4
J 1
r  • 2  ■/.
The re so n an ce  c o n d i t io n  i s  t h a t  L '-CL^  "f sh o u ld  be  r e a l .  B ecause Y '
1i s  sm a ll we may assume t h a t ^ ^ - | 0)  and ^ 2  a r e  a l s o  s m a ll .  We 
have seen  t h a t  so t h a t
p j — 7T 'i’ I f  k>“ G0o ^ COq“T ^
- fi 2 C  0Do 2 ^ 0  /
w hich may b e  w r i t t e n
1 = \  + £ ~ c h
w here ^  and ^  ^ a re  b o th  v e ry  s m a ll .  To f i r s t  o rd e r  in  ^  and 2 , 
th e  c o n d i t io n  t h a t  sh o u ld  be  r e a l  means t h a t  £ ~ 0  (v h ic h
7im p lie s  CO-& o ) and t h a t
C & n d ^  _ 2 _
: T  v f
T h e re fo re  sm a ll damping does n o t change th e  re s o n a n t fre q u e n c y  b u t does
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en su re  a  f i n i t e  v a lu e  o f  , nam ely
y ^ o ) =  g 2 T
2 £Y < 34 l f  'T
Im m ersion o f  th e  t r a n s d u c e r  in  a  v is c o u s  l i q u i d  r e s u l t s  in  an 
e f f e c t iv e  in c re a s e  in  i n e r t i a  and dam ping.
S in ce  we a re  con ce rn ed  w ith  s o lu t io n s  o f  th e  form
6 ( 0 )  -  ,
, i t  i s  a  s im p le  m a tte r  t o  make u se  o f  th e  r e s u l t s  o b ta in e d  e a r l i e r  in  
t h i s  s e c t io n .  I f  in s te a d  o f  g e n e r a l i s in g  e q u a tio n  (U .3 .2 )  we 
g e n e r a l i s e  i t s  F o u r ie r  tr a n s fo rm , we have
— H Q * /#  c o  (£j) - t - c t o q @) -f'Co Pj 2 7 !  g ^ -  ,
2  l *  s  T l  2  t /
w here th e  t h i r d  te rm  on th e  l e f t  hand s id e  o f  th e  above e q u a tio n  i s  
th e  F o u r ie r  t r a n s fo rm  o f  th e  to rq u e  e x e r te d  on th e  s u r fa c e  o f  th e
e lem en t by th e  su rro u n d in g  l i q u i d .  Assuming a  s o lu t io n  o f  th e  form
:)  -  K e  Q.yf>L& k
and m aking u se  o f  th e  f a c t  t h a t  5 /  -  ^  M? (e q u a tio n  (U .2 .1 0 a ) we
o b ta in  th e  r e l a t i o n  
2
' (U .3 .1 0 )
The boundary  c o n d i t io n s  f o r  th e  i s o l a t e d  t r a n s d u c e r ,  e q u a tio n  ( I t .3 .1 )  
m ust now b e  g e n e r a l is e d  to  ta k e  acco u n t o f  th e  v isc o u s  d ra g  on th e  
ends o f  th e  t r a n s d u c e r .  T h e re fo re  fo r  th e  immersed t r a n s d u c e r ,  th e
/
47
boundary  c o n d itio n s ,w h e n  F o u r ie r  tran sfo rm ed ,m ay  be  w r i t t e n
j)e0 = cJ_a4/d B ) + Lczja4' 7  <3^ 1 ■
1  2
Combining th i s e q u a t io n  w ith  e q u a tio n  (U .3 .3 )  we f in d  t h a t
R g 7) E* %
l i Q *  ( C ^ C jd svC - t c c o Z ^ i n y c )
E q u a tio n  ( i f .3 .7 )  s t i l l  a p p l i e s 9 c o n se q u e n tly  th e  g e n e r a l i s a t io n  o f  
e q u a tio n  (U .3 . 8b) i s  --
T 0  = C te  T q  -f- cc z  4 ~ lT E 0  s in
'//Q4(CyCosy^c&Z Sen y f )
• f t -  •
(U .3 .1 1 )
A gain  we r e q u i r e  t o  c o n d i t io n  f o r  m ech an ica l r e s o n a n c e , th a t  i s  when
#  . • .
YJ: i s  r e a l .  T h is  o c c u rs  when2
= o
C ^ C D i y t - t C t a Z l  (i* .3 . 1 2 )
We s h a l l  assume t h a t  in  e q u a tio n  (if .3 .1 0 )  th e  v a lu e  o f  Co w hich 
e
e n su re s  t h a t ’ Y2 i s  r e a l  does n o t d i f f e r  a p p re c ia b ly  from  uD & 
(d e f in e d  by e q u a tio n  U.3 .9 ) -  F u rth e rm o re , i t  w i l l  b e  assum ed t h a t  b o th
Z /  . ^-L 'K-e
th e  r e a l  and im ag in ary  p a r t s  o f  , t h a t  i s  £  and £  9 a r e
sm a ll q u a n t i t i e s  .T hese assum ptions a r e  w e ll  j u s t i f i e d  by . e x p e r im e n t.
/
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I t  i s  th e r e f o r e  p o s s ib le  t o  w r i te
w here b o th  ^  and J a r e  much l e s s  th a n  ^  . From e q u a tio n  (^ .3 .1 0 )
we see  t h a t ,  t o  f i r s t  o rd e r  ap p ro x im atio n  in  sm a ll q u a n t i t i e s ,
7 -A®:!-* 2&.7L-. >
O  2 t  CL&fr 2 d .  (U .3 .13a)
w here 4 c o  -  G3.T ^  and
J  = C jo  ^  H -4  R l  )  .
a 7T C a  '
(l|.3 .1 3 'o )
The re so n an ce  c o n d i t io n ,  e q u a tio n  (U .3 .1 2 ) , th u s  im p lie s  t h a t
-  f t  C f  =. c o  —  /
2
and t h e r e f o r e ,
— ( 2 C - h Q  y  #
- 2 ?/ 2 / ^  q £
(14.3 .  l.lf)
. . .
The v a lu e  o f  a t  re so n an ce  i s  g iv e n  by th e  r e l a t i o n
Y/ - 4 2 ?
Ha*( r c J "  +o/?t )
v h ic h  s im p l i f i e s  to
y/ .  4 2 , *
7>a5[ c £ s a ■* (2f+a)%  J
/■
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Thus > th e  change in  t r a n s d u c e r  im pedance a t  re s o n a n c e , due to
im m ersion in  a  l i q u i d  i s  g iv e n  by
A Z = ( 2 t - t- Q ) T r o L > % l
( ^ . 3 .1 5 )
1* M easurement o f  dynamic s h e a r  v i s c o s i t y  and s t i f f n e s s  o f  v is c o u s  
l i q u id s  by means o f  t r a v e l l i n g  to r s io n a l  w aves.
In  a  p a p e r w ith  th e  above t i t l e  McSkimin (1952) has a n a ly se d
u s in g  t h i s  te c h n iq u e  w ith  th o s e  o b ta in e d  from  more c o n v e n tio n a l 
te c h n iq u e s .  A b r i e f  summary o f  th e  r e s u l t s  a re  g iv e n  h e r e .
A s h o r t ,  p e r io d i c a l ly  r e p e a te d ,  p u ls e  o f  t o r s i o n a l  o s c i l l a t i o n s
i s  t r a n s m i t t e d  a lo n g  a  c y l in d r i c a l  ro d  by means o f  a  q u a r tz  p ie z o ­
e l e c t r i c  t r a n s d u c e r  a t ta c h e d  to  one end . A f te r  r e f l e c t i o n  from  th e  
f a r  end o f  th e  ro d  th e s e  waves r e tu r n  t o  r e - e x c i t e  th e  t r a n s d u c e r .  
M u ltip le  r e f l e c t i o n s  g iv e  a  c h a r a c t e r i s t i c  d ecay in g  wave t r a i n  as
* ' ■ c
i l l u s t r a t e d  in .  F ig . ( i t - .U .l) . and P la t e  ^ .1 .
th e Long Rod T ech n iq u e , and compared v a lu e s  o b ta in e d  f o r ^  and G
p u l s e  t r a n s i t  t i m e
^  r e f l e c t i o n s  w i t h o u t  l i q u i d
r e f l e c t i o n s  w i t h  l i q u i d
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The m otion  o f  th e  wave a lo n g  th e  ro d  i s  d e s c r ib e d  in  te rm s o f  
a  p ro p a g a tio n  c o n s ta n t  = R + t  &  (A b e in g  in  n ep ers /cm  and
B b e in g  in  ra d ia n s /c m ) and th e  m ech an ica l im pedance o f  th e  ro d .
Both th e s e  f a c to r s  may b e  c a lc u la te d  from  th e  p h y s ic a l  p r o p e r t i e s  o f  
th e  ro d .
On im m ersing th e  ro d  in  a  l i q u i d  th e  p ro p a g a tio n  c o n s ta n t  
changes such  t h a t ,
"  1o
and th e  complex s h e a r  s p e c i f i c  m ech an ica l im pedance o f  th e  l i q u i d  
su rro u n d in g  th e  ro d  i s  th e n  g iv e n  by
Z  = Po X  CL / a r + c a s )  -  k ( A Q + t A B )
e J — 2 —  ('i(.ii.i)
= "Rj l + l X i
w here i s  th e  d e n s i ty  o f  th e  ro d  and  Ct i s i t s  d ia m e te r . X  i s  th e
v e lo c i ty  o f  p ro p a g a tio n  o f  th e  p u ls e ,  w hich may be  d e te rm in e d  from
th e  p u ls e  t r a n s i t  tim e  (s e e  F ig . U .U .l ) ,  th e  tim e  ta k e n  to  t r a v e l  a
d is ta n c e  w here €  i s  th e  le n g th  o f  th e  ro d .
W ith e q u a tio n  (U .2 .1 1 ) ,  th e  m odulus o f  r i g i d i t y  o f  th e
l i q u i d  and ^ j i t s  dynamic sh e a r  v is c o s ity ,m a y  be  d e te rm in e d .
I f  two i d e n t i c a l  ro d  a sse m b lie s  a re  im mersed in  th e  same
l i q u i d , Aft and A B  f o r  each ro d  sh o u ld  b e  i d e n t i c a l  and th e  two
i d e n t i c a l  wave t r a i n s  may be made t o  an n u l one a n o th e r  as d e s c r ib e d
/  #
i n  s e c t io n  ( 5 .U . ) .  However sh o u ld  th e  v i s c o s i t y  ^  su rro u n d in g  one
ro d  d i f f e r  by an amount S^2 from' th e  v i s c o s i t y  o f  th e  l i q u i d
su rro u n d in g  th e  o th e r  ro d  th e n  th e  v a lu e s  o f  AR and o f  AB> f o r  th e  
two ro d s  w i l l  d i f f e r  by amounts and S b r e s p e c t iv e l y .  I f  N ew tonian
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.b eh av io u r o ccu rs  and
7  =  2 %
“ A
from  e q u a t io n ( ^ .2 .1 l ) .
T h u s , from  e q u a tio n s  ( k . h . l )  .and (k . U.2)
T h e r e f o re ,
k . k . 2
~ rj/ + ^ y  =  ' k  f & Q + Z a ' f  .
S y  = k  f l & A f a
(it. It. 3 )
& 9Thus i f  th e  d i f f e r e n c e  in  a t te n u a t io n  p e r  cm, O a/ , betw een  th e  two 
ro d s  i s  known, th e  d i f f e r e n c e  in  v i s c o s i t i e s ,  5 o f  th e  two
l i q u id s  su rro u n d in g  th e  ro d s  may be  deduced.
/
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5 .1  The P -£ . h ig h -v o l ta g e  c i r c u i t .
A s t a b l e  h ig h -v o l ta g e  su p p ly  was r e q u i r e d ,  th e  o u tp u t o f  w hich 
c o u ld  be a d ju s te d  in  f in e  s te p s .  T h is  su p p ly  had  t o  b e  c a p a b le  o f  
d e l iv e r in g  up to  0, mA a t  v o lta g e s  up to  50 kV. In  th e  e v en t o f  a 
breakdow n w ith in  th e  c e l l ,  th e  p o t e n t i a l  had  to  be  d e c re a se d  r a p id ly  
t o  a v o id  s e r io u s  damage to  th e  c e l l .
A B randenburg  h ig h -v o l ta g e  g e n e ra to r  ( ty p e  50 MR) was u se d , th e  
p o s i t i v e  o u tp u t o f  w hich was p a s se d  th ro u g h  a  sm oothing c i r c u i t .  For 
b o th  te c h n iq u e s ,  a  th y r a t r o n  d iv e r t e r  was in c lu d e d  in  th e  c i r c u i t  to  
p r o te c t  th e  c e l l ,  a f t e r  th e  fa s h io n  o f  P a is  (1967’), F ig s . (5• 1 ) and  
( 5 .2 ) .  The c e l l  c o n d u c tio n  c u r r e n t  was m o n ito red  by means o f  a  
b a t t e r y  pow ered e le c tro m e te r  (Thomas I n d u s t r i a l  A utom ation L t d . ,
Model VC 9 9 )• The v o l ta g e  a p p l ie d  to  th e  c e l l  was m easured  by means 
o f  a  500 M il r e s i s t o r  c h a in  and a  m icroam m eter.
5 .2  L iq u id  P ro c e s s in g  S ystem .
For p o l a r . l i q u id s  p a r t i c u l a r l y ,  a  p re l im in a ry  d ry in g  s t a g e ,  
c o n s i s t in g  o f  a  m o le c u la r  s ie v e  bed  (Union C arb ide  AW500) was needed .
- T h e l i q u i d  was th e n  f i l t e r e d  and d eg assed . The s ta g e s  a r e  i l l u s t r a t e d
i n  F ig .  ( 5 .3 ) .
C onnected to  th e  D ire c t  Im m ersion C e ll  i t s e l f  'was a  sm a ll 
p e r i s t a l t i c  pump w hich r e c i r c u l a t e d  th e  c o n te n ts  o f  th e  c e l l  o v e r  a 
bed  o f  m ixed io n -ex ch an g e  r e s i n  (u n io n  C arb ide  A m b erlite  MB-l) and 
th ro u g h  a  f i l t e r  o f  p o r o s i ty  5*
To p re v e n t vacuum pump c o n ta m in a tio n , two dem ountable c o ld  t r a p s  
w ere a l s o  in c lu d e d  in  th e  l i q u i d  p ro c e s s in g  sy stem .
/
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5 .3  The D ire c t  Im m ersion T ech n iq u e .
5 .3 .1  The T e s t C e l l .
The c e l l  c o n s is te d  o f  a  c o a x ia l  a ssem b ly , th e  o u te r  h ig h -v o l ta g e  
e le c t r o d e  was o f  n ic k e l  p la te d  b r a s s ,  and th e  in n e r  e le c t r o d e  was a 
q u a r tz  t o r s i o n a l  t r a n s d u c e r  o f  n o v e l d e s ig n  d e s c r ib e d  be low . The c e l l  
assem bly  i s  shown in  F ig  ( 5 .^ )  and p l a t e  ( 5 .1 ) .  The m ain body o f  th e  
c e l l  was made o f  n y lo n  and th e  two end caps .were made o f  b r a s s .  The 
t o t a l  l i q u i d  c a p a c ity  o f  th e  c e l l  was ap p ro x im a te ly  100 m l.
To e l im in a te  th e  need  f o r  vacuum g re a s e ,  0 - r in g  s e a t s  w ere 
la p p e d . The 0 - r in g s  w ere made o f  e i t h e r  V iton  A o r  N eoprene, depend­
in g  on th e  l i q u i d  u nder t e s t .  E l e c t r i c a l  e x c i t a t io n  o f  th e  
t r a n s d u c e r  was a c h ie v e d  th ro u g h  th e  su p p o rt p iv o t s ,  and c o n n e c tio n  to  
th e  h ig h -v o l ta g e  e le c t r o d e  was th ro u g h  one o f  th e  l o c a t io n  b o l t s .
The o th e r  lo c a t io n  b o l t  was d r ip p e d  o u t to  a llo w  th e  i n s e r t i o n  o f  a 
th e rm is to r  f o r  th e  p u rp o se  o f  te m p e ra tu re  m o n ito r in g .
The in c lu s io n  o f  a  s u b s id ia ry  w ire - lo o p  e le c t r o d e  in  th e  c e l l  
( a t  e a r th  p o t e n t i a l )  was .th e  outcome o f  e a r ly  e x p e rim e n ta l w ork. I t s  
b eh a v io u r w i l l  be  d is c u s s e d  l a t e r .
-k
I t  was p o s s ib le  to  e v a c u a te  th e  c e l l  to  a  p r e s s u re  o f  10 t o r r .
5*3 .2  The T ra n s d u c e r .
A number o f  c y l in d r i c a l  t o r s i o n a l  o s c i l l a t o r s  w ere in v e s t ig a t e d  
w ith  th e  o b je c t  o f  f in d in g  one p o s s e s s in g  an a lm o st co n tin u o u s  
co n d u c tin g  s u r f a c e .  A com posite  t r a n s d u c e r  c o n s is t in g  o f  a  p ie z o ­
e l e c t r i c  d is c  bonded betw een two m e ta l r o d s ,  so a s  t o  form  a  h a l f ­
wave le n g th  t o r s i o n a l  r e s o n a to r ,  was c o n s tr u c te d .( B i r c h  e t  a l .  ( 1962 ) 
have s u c c e s s f u l ly  u sed  such a  co m b in a tio n , o s c i l l a t i n g  in  
lo n g t i t u d i n a l  mode, as an  e l e c t r i c a l  f i l t e r ) .  However, a l th o u g h  a
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PZT 5 ( le a d  z i r c o n a te  t i t a n a t e )  d is c  and In v a r  ro d s  w ere u se d , th e  
te m p e ra tu re  c o e f f i c i e n t  o f  th e  com b in a tio n  was found to  he  la r g e .
In  a d d i t io n  i t  was d i f f i c u l t  t o  en su re  t h a t  o n ly  one mode o f  
v ib r a t io n  was e x c i te d .  A .D .P . (ammonium d ihyd rogen  p h o sp h a te ) and 
K .D .P .(p o ta ss iu m  d ihy d ro g en  p h o sp h a te ) t r a n s d u c e r s  o f  th e  ty p e  
d e s c r ib e d  by Mason (1950) w ere r e j e c t e d  b eca u se  o f  p o s s ib le  io n ic  
c o n ta m in a tio n  o f  th e  l i q u i d  u nder t e s t .
Q uartz  was s e le c te d  as  p o s s e s s in g  a  h ig h  d eg ree  o f  te m p e ra tu re
s t a b i l i t y  a l th o u g h  th e  arrangem ent o f  th e  e x c i t a t io n  e l e c t r o d e s ,
< • ' * 
d e s c r ib e d  b e lo w , was n o t id e a l ly  s u i te d  fo r  t h i s  h ig h -v o l ta g e
a p p l i c a t io n .  A c y l i n d r i c a l  q u a r tz  t r a n s d u c e r  was chosen  w hich had  a
•diam. o f  9*6 m.m and a  le n g th  of39»2I|n. m and w hich had  a  freq u en cy
o f  t o r s i o n a l  o s c i l l a t i o n  o f  50 kHz in  i t s  lo w e s t mode. A lthough
q u a r tz  t r a n s d u c e r s  o f  low er freq u en cy  th a n  t h i s  may b e  c o n s tru c te d
th e y  a r e  v e ry  f r a g i l e .  (T o  en su re  t h a t  o n ly  one mode o f  v ib r a t io n  i s
do m in an t,. th e  r a t i o  o f  le n g th  t o  d ia m e te r  m ust b e  g r e a t e r  th a n  abou t
5 :1 .) .  ^
For a  t o r s i o n a l  mode o f  o s c i l l a t i o n ,  th e  c y l in d e r  o f  q u a r tz  
m ust b e  c u t so t h a t  i t s  le n g th  i s  a lo n g  th e  c r y s ta lo g r a p h ic  Y a x i s ,  
th e  e x c i t a t i o n  e le c t r o d e s  a r e  th e n  d e p o s ite d  in  th e  form  o f  fo u r  
q u a d ra n ts ,  (F ig . (5*5)* R a d ia l l i n e s  from  th e  a x is  o f  th e  t r a n s d u c e r  
t o  th e  c e n t r e  l i n e s  o f  th e  q u a d ra n ts  b i s e c t  th e  XZ. p la n e .  O p p o site
p a i r s  o f  e le c t ro d e s  a r e  co n n ec ted  to g e th e r ,  and a  t o r s i o n a l  mode o f
o s c i l l a t i o n  may th e n  b e  e x c i te d  by th e  a p p l ic a t io n  o f  an  a l t e r n a t i n g  
v o l ta g e  a c ro s s  th e  p a i r s  o f  q u a d ra n ts .  The d e v ic e ,  f i r s t  d e s c r ib e d  
by Mason (1 9 5 0 ), was o r i g i n a l l y  o f  th e  form  shown in  F ig . (-5*5) • The 
c o n d i t io n  f o r  r e s o n a n t o p e ra t io n  o f  such  a  t r a n s d u c e r  and  i t s  u se  in  
th e  m easurem ent o f  th e  s p e c i f i c  sh e a r  m ech an ica l im pedance o f  a  l i q u i d  
has been  a n a ly se d  in  S e c t io n  U.
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R ecessed  p iv o t  cones w ere m achined c e n t r a l l y  in to  th e  end fa c e s  
o f  a  50 kHz. t r a n s d u c e r .  T h ese , as w e ll  as  p ro v id in g  a c c u ra te  
lo c a t io n  in to  c o a x ia l  system  a l s o  en ab led  p a i r s  o f  e le c t r o d e s  t o  be 
ex ten d ed  around  th e  ends o f  th e  t r a n s d u c e r  i n to  th e  cones in  such  a  
manner t h a t  e l e c t r i c a l  e x c i t a t io n  co u ld  th e n  be  s u p p lie d  th ro u g h  
co n d u c tin g  su p p o rt p iv o t s .  T h is  arrangem en t made p o s s ib le  th e  
a p p l ic a t io n  o f  a r a d i a l  e l e c t r i c  f i e l d  around  th e  t r a n s d u c e r .  The 
m o d ifie d  t r a n s d u c e r  i s  i l l u s t r a t e d  in  F ig .  ( 5 . 6 ) and in  p l a t e  (5 * 2 ). 
T h is  t r a n s d u c e r ,  o f  n o v e l d e s ig n , has? a  s i g n i f i c a n t l y  h ig h e r  Q - fa c to r  
th a n  th e  u s u a l  d e s ig n , w hich has le a d s  co n n ec ted  to  th e  c o n d u c tin g  
q u a d ra n ts ,b e c a u se  th e  m ech an ica l damping i s  red u ce d .
T ran sd u ce rs  to  th e  m o d ified  s p e c i f i c a t i o n  w ere o r i g i n a l l y
s u p p lie d  w ith  vacuum d e p o s ite d  e le c t ro d e s  w hich w ere found  t o  p e e l  o f f
under th e  a c t io n  o f  a  h ig h  e l e c t r i c  f i e l d .  I t  sh o u ld  b e  a p p r e c ia te d
3 3.t h a t  a  m ech an ica l s t r e s s  o f  th e  o rd e r  2 x 10 N/m i s  e x e r te d  on
th e  e le c t r o d e  s u r fa c e s  in  a  p o la r  l i q u i d  a t  an e l e c t r i c a l  s t r e s s  o f  
200 kV/cm.
An e l e c t r o d e l e s s  chem ica l d e p o s i t io n  o f  n ic k e l  was t h e r e f o r e  
s u b s t i t u t e d  f o r ' t h e  vacuum d e p o s i t io n  o f  g o ld . A d e s c r ip t io n  o f  th e  
te c h n iq u e  ev o lv ed  by th e  a u th o r  f o r  th e  e f f i c i e n t  n ic k e l  p l a t i n g  o f  
q u a r tz  i s  g iv en  in  A ppendix (A ). P ro v id in g  sc ru p u lo u s  a t t e n t i o n  t o  
c l e a n l in e s s  was g iv e n  d u rin g  p l a t i n g ,  an e le c t r o d e  sy stem  c o u ld  be  
d e p o s i te d ,  w h ich , when p o l i s h e d ,  was found s u i t a b l e  f o r  t h i s  
a p p l ic a t io n .
5 .3*3  M o n ito rin g  a p p a ra tu s  a s s o c ia te d  w ith  th e  D ire c t  Im m ersion 
T ech n iq u e .
The b a s ic  equipm ent f o r  t h i s  te c h n iq u e  c o n s is te d  o f  a  tr a n s fo rm e r ' 
co u p led  r a t io - a r m  ra d io - f re q u e n c y  b r id g e  (Wayne K err B 60l) w hich  c o u ld  
be  i s o l a t e d  from  e a r th .  A b r id g e  d e te c to r  o f  ad eq u a te  s e n s i t i v i t y  was
PLATE 5-2
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c o n s tru c te d  from  a  m o d ifie d  o sc il lo sc o p e  a m p l i f i e r .  The c i r c u i t  i s  
shown in  F ig . (5*7)* The freq u en cy  o f  th e  sup p ly  t o  th e  b r id g e  was
m o n ito red  by a R aca l d i g i t a l  freq u en cy  m e te r ( ty p e  SA535) w ith  a
6 + s t a b i l i t y  o f  1 p a r t  m  10 and an acc u racy  o f  ~1 c o u n t.
I t  was found e s s e n t i a l  t o  su p p ly  th e  b r id g e  from  a  so u rc e  o f
v e ry  s t a b l e  freq u en cy  b eca u se  th e  bandw id th  o f  th e  t r a n s d u c e r  in
vacuo was o f  th e  o rd e r  o f  1 Hz. S in ce  th e  p e r io d  o f  tim e  r e q u ir e d
f o r  m aking a  m easurem ent o f  r e s o n a n t freq u en cy  and  th e  t r a n s d u c e r
r e s i s t a n c e  a t  re so n an ce  was ab o u t 5 m in u te s , th e  o s c i l l a t o r  freq u en cy
■J* .c o u ld  n o t be a llow ed  to  v a ry  by more th a n  - 0 .1  Hz o v er such  a  p e r io d .
A c r y s t a l  c o n t r o l le d  o s c i l l a t o r  was c o n s tru c te d  u s in g  q u a r tz -  
c r y s t a l s  whose re s o n a n t f re q u e n c ie s  w ere ab o u t 50 kHz, th e
c i r c u i t  i s  i l l u s t r a t e d  i n  F ig . ( 5 .8 ) .  I t  was found p o s s ib le  t o  
Vary c o n tin u o u s ly  ^he freq u en cy  o f  o s c i l l a t i o n  o f  a  c r y s t a l  by i n s e r t '  
in g  an in d u c ta n c e  o r  c a p a c ita n c e  in  s e r i e s  w ith  i t .  A lthough  th e  Q- 
f a c t o r  o f  such  a  com b in a tio n  i s  lo w er th a n  th e  c r y s t a l  a lo n e ,  th e  
d eg ree  o f  freq u en cy  s t a b i l i t y  o b ta in e d  was found to  be  a d e q u a te  f o r  
th e  above a p p l i c a t io n .  A o n e - t r a n s i s t o r  power a m p l i f i e r  was u sed  in  
c o n ju n c tio n  w ith  t h i s  o s c i l l a t o r  to  su p p ly  th e  b r id g e .
The bandw id th  o f  th e  t r a n s d u c e r  in c re a s e d  on im m ersion i n  a  
l i q u i d  and th e  s t a b i l i t y  re q u ire m e n ts  a r e  l e s s  s t r i n g e n t .  T hus, f o r  
m easurem ents on th e  im mersed tr a n s d u c e r ,  a  b a t t e r y  o p e ra te d  o s c i l l a t o r  
was u sed . (L ev e l Type TG66B).
5 .3 .^  The com plete  t e s t  c i r c u i t .
The com plete  c i r c u i t  f o r  th e  D ir e c t  Im m ersion te c h n iq u e  i s  
shown in  F ig . (5 * 9 ). A lthough n o t shown, p r o te c t io n  o f  th e  m easu re­
ment c i r c u i t s  a g a in s t  v o lta g e  su rg e s  was e n su red  by th e  in c lu s io n  o f
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z e n e r d io d es  and neon "bulbs.
5.h  The Long Rod T ech n iq u e .
5 .^ .1  I n t r o d u c t io n .
A p re lim in a ry  i n v e s t ig a t io n  by th e  a u th o r ,  S tephenson  (1965 ) , 
in d ic a te d  t h a t  a  n u l l  m ethod o f  m easurem ent u s in g  two c e l l s ,  one 
s t r e s s e d ,  and th e  o th e r  a s  a re fe re n c e ,w o u ld  remove a  number o f  
d i f f i c u l t i e s  co n n ec ted  w ith  th e  Long Rod te c h n iq u e . C onsequen tly  an 
e l e c t r i c a l  system  shown in  F ig . ( 5 .10 ) was d e s ig n e d  to  o p e ra te  i n  th e  
fo llo w in g  m anner.
The t r a n s m i t t e r  sh o u ld  d e l iv e r  l a r g e  p u ls e s ,  o f  a h ig h -
freq u en cy  o s c i l l a t i o n ,  to  th e  t r a n s d u c e r s .  The t r a n s d u c e r s ,  as
d e s c r ib e d  e a r l i e r ,  w ould o p e ra te  in  a  t o r s i o n a l  mode, sen d in g
a c o u s t ic  p u ls e s  down t h e i r  a t ta c h e d  ro d s ,  w h ich , on r e f l e c t i o n  from
th e  f a r  ends o f  th e  ro d s ,  r e tu rn e d  to  r e - e x c i t e  th e  t r a n s d u c e r s .  The
sm a ll e l e c t r i c a l  o u tp u ts  from  th e  t r a n s d u c e r s ,  r e s u l t i n g  from  th e
m u l t ip le  r e f l e c t i o n s  o f  th e  t r a n s m i t t e d  p u ls e ,  w ere th e n  to  b e
a m p lif ie d  and compared w ith  each o th e r  u s in g  a  d i f f e r e n t i a l  a m p l i f i e r .
The o u tp u t from  th e  r e f e r e n c e  c e l l  a m p l i f i e r  had  a l s o  to  b e  s u b je c te d  
*
t o  p h ase  s h i f t  and a t t e n u a t io n  in  o rd e r  t o  s im u la te  v i s c o s i ty —v a r i a t i o n
e f f e c t s  on any one r e f l e c t i o n .  R e fe re n ce  t o  F ig . (5*10) shows th e
b a s ic  re q u ire m e n ts  f o r  th e  te c h n iq u e  t o  b e : -
(1 ) Two i d e n t i c a l  c e l l s .
(2 ) A p u ls e  t r a n s m i t t e r .
(3 ) R e c u rre n t w a v e - tr a in  a m p l i f i e r s .
(U). B a lan c in g  n e tw ork .
( 5 ) D i f f e r e n t i a l  A m p lif ie r .
/
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5. ^ . .2 The Long Rod C e l l s .
Two i d e n t i c a l  c o a x ia l  c e l l  a s se m b lie s  w ere c o n s tru c te d  as shown
in  F ig . (5 .1 1 )  and p l a t e  ( 5 .3 ) ,  a l l  O -rin g  s e a t s  w ere p o l i s h e d , th u s
e l im in a t in g  th e  need  f o r  vacuum g re a s e .  The c a p a c i ty  o f  each  c e l l  was
a p p ro x im a te ly  250 m l. The h ig h  v o l ta g e  e le c t r o d e  c o n s is te d  o f  a
p o l is h e d  n ic k e l  p la t e d  b r a s s  tu b e  whose i n t e r n a l  d ia m e te r  was 1 2 .7  mm.
The in n e r  e le c t r o d e  c o n s is te d  o f  a kO cm lo n g  p o l i s h e d  ro d  o f
H .S . t o o l  s t e e l j  9*5 mm in  d ia m e te r . To one end o f  t h i s  ro d  was bonded
a  100 kHz q u a r tz  t o r s i o n a l  t r a n s d u c e r .  For t h i s  te c h n iq u e  to  o p e ra te
s u c c e s s f u l ly ,  i t  i s  a  n e c e s s a ry  re q u ire m e n t t h a t  th e  fa c e  t o  w hich a
tr a n s d u c e r  i s  bonded i s  as  n e a r ly  p e rp e n d ic u la r  t o  th e  a x is  o f  th e  ro d
a s  i s  p o s s ib le .  F a i lu r e  i n  t h i s  r e g a rd  r e s u l t s  in  a  r e s t r i c t e d  number
o f  r e f l e c t i o n s .  Use o f  ro d s  w hich a r e  n o t p e r f e c t  r i g h t  c y l in d e r s  w i l l
a l s o  have th e  same e f f e c t .
A f te r  a c c u r a te ly  g r in d in g ,  p o l i s h in g  and s l i g h t l y  e tc h in g  ( n i t r i c
a c i d ) ,  an end fa c e  o f  each ro d ,  a  minimum amount o f  expoxy r e s i n  (C iba
tw o -tu b e  a r a l d i t e )  was used  to  a t ta c h  a  t r a n s d u c e r  to  i t .  A Vee
b lo c k  was u sed  to  e n su re  a x i a l  a lig n m e n t. The f in i s h e d  u n i t s , a lth o u g h  
- *
s im i la r  t o  one a n o th e r  i n  p h y s ic a l  d im en s io n s , w ere found to  have 
s l i g h t l y  d i f f e r i n g  a c o u s t ic  p r o p e r t i e s .  T h is  n e c e s s i t a t e d  a d ju s tm e n t 
in  ro d  le n g th  by f u r th e r  g r in d in g  u n t i l  th e  p u ls e  t r a n s i t  t im e s ,  
m o n ito red  by th e  e l e c t r i c a l  equipm ent d e s c r ib e d  b e lo w , w ere i d e n t i c a l .
5 . ^ . 3  The p u ls e  t r a n s m i t t e r .
The b a s ic  re q u ire m e n t f o r  a  s u i t a b l e  t r a n s m i t t e r  was t h a t  i t  
sh o u ld  d e l iv e r  p u ls e d  o s c i l l a t i o n s  o f  freq u en cy  100 kHz, o f  d u ra t io n  
1 5 0 ^ 5  t o  2 0 0 ^ 3  , and a  p u ls e  r e p e t i t i o n  freq u en cy  o f  200 Hz. The 
p e a k - to -p e a k  am p litu d e  o f  p u ls e s  had  to  b e  o f  th e  o rd e r  o f  100 v o l t s .
The m ark -sp ace  r a t i o  o f  th e  p u ls e  t r a i n  must be such  t h a t  th e
/
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transducer
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r e f l e c t i o n s  do n o t o v e r la p  a t  th e  r e c e iv e r .
The o u tp u t im pedance o f  th e  p u ls e  g e n e ra to r  d u r in g  th e  t r a n s m it  
p e r io d  need  n o t be  low  as  th e  t r a n s d u c e r s , lo a d e d  w ith  an  a t ta c h e d  r o d 5 
p r e s e n t  a  h ig h  e l e c t r i c a l  im pedance. However9 d u r in g  th e  su b seq u en t 
d e te c t io n  p e r io d  i t  was n e c e ss a ry  fo r  th e  o u tp u t im pedance o f  th e  
p u ls e  g e n e ra to r  to  be  a s  low as  p o s s ib le .  The id e a l  t r a n s m i t  and 
d e te c t  sequence i s  shown in  F ig . ( 5 .1 2 ) .
F ig . (5 .1 3 )  shows th e  c i r c u i t  d e s ig n e d  f o r  such  a  g e n e ra to r .
and w ere re e d  r e l a y  sw itc h e s  e n c lo se d  in  th e  same e n v e lo p e ,
d r iv e n  sy n ch ro n o u sly  from  a  p u ls e  g e n e ra to r  (S o la r t ro n )  v ia  t h e i r  own
a s s o c ia t e d  power c i r c u i t .  The tim e  s p e c i f i c a t i o n  in v o lv e d  in  th e  u se
o f  r e e d  sw itc h e s  h e re  m eant c a r e f u l  s e l e c t i o n  from a  b a tc h  o f
m in ia tu re  m e rc u ry -w e tted  a s s e m b lie s . The r e e d  c o n f ig u r a t io n  was such
t h a t  th e  le n g th  o f  th e  t r a n s m i t t e d  p u ls e  was c o n t r o l le d  by th e  r e l e a s e
t im e ,  r a t h e r  th a n  o p e ra te  t im e ,  o f  a  r e e d .  The fo rm er b e in g  o f  th e
o rd e r  10 JLxS w hereas th e  l a t t e r  may be  i n  ex cess  o f  100 . C o n ta c t
bounce was red u ced  by th e  u se  o f  m ercury  w e tte d  c o n ta c t s .  The c o n ta c t
r e s is ta n c e ,w h e n  c lo se d ,w a s  o f  th e  o rd e r  o f  m ill i -o h m s . Very l i t t l e  
%
i n t e r f e r e n c e  was found to  o r ig i n a te  from  w ith in  th e  t r a n s m i t t e r  d u rin g  
th e  d e te c t io n  o f  p u ls e  r e f l e c t i o n s  whose am p litu d e  l a y  betw een  10 mV 
and 200 mV. W ith no l i q u i d  in  th e  c e l l  and th e  a m p l i f i c a t io n  s ta g e s  
d e s c r ib e d  below  ap p ro x im a te ly  e ig h ty  r e f l e c t i o n s  w ere a p p a re n t on th e  
o s c i l lo s c o p e  b e fo re  th e  s ig n a l-* to ^ n o ise  r a t i o  became to o  
sm a ll .  I t  i s  th o u g h t t h a t  t h i s  r e p r e s e n ts  a  s i g n i f i c a n t  im prove’
ment on th e  r e s o lu t io n  o b ta in e d  by p re v io u s  w o rk e rs .
/
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The w a v e - tr a in  a m p l i f i e r s .
The in p u t  im pedance o f  th e  a m p l i f ie r s  was r e q u ir e d  to  be  low 
d u rin g  th e  t r a n s m it  p e r io d  to  p re v e n t damage to  th e  a m p l i f i e r s  and to  
e n su re  th e  a p p l ic a t io n  o f  th e  f u l l  t r a n s m is s io n  v o l ta g e  to  th e  
t r a n s d u c e r s ,  r e f e r e n c e  F ig . ( 5 -IS.)• I d e n t i c a l  a m p l i f i e r s ,  w ith  a  
h ig h  d eg ree  o f  n e g a t iv e  feed b ack  and a  g a in  o f  th r e e  t im e s ,  w ere 
c o n s tru c te d  from  m ic r o c i r c u i t s  (S .G .S . JU 7 0 2 ). These w ere found to  
have s t a b l e  g a in  c h a r a c t e r i s t i c s  o v e r p e r io d s  in  ex ce ss  o f  f iv e  h o u rs . 
The in p u t to  each  o f  th e s e  a m p l i f ie r s  was sh u n ted  w ith  d io d es  w hich 
a r e  o f  a  low im pedance t o  v o l ta g e s  in  ex cess  o f  500 mV peak  to  peak  
b u t o f  h ig h  im pedance to  v o lta g e s  l e s s  th a n  500 mV peak  t o  p eak , th e
c i r c u i t  i s  shown in  F i g . '  (5 .lU )'V  
5 . ^ . 5  The b a la n c in g  n e tw o rk .
I t  was n e c e s sa ry  f o r  t h i s  netw ork  to  p ro v id e  k n o w n ,v a r ia b le , 
a t te n u a t io n  and p hase  s h i f t  to  th e  r e f e r e n c e  c e l l  o u tp u t in  o rd e r  t o  
s im u la te  any v i s c o s i t y  change o c c u r r in g  in  th e  t e s t  c e l l .
A two decade a t t e n u a to r  (S u l l iv a n )  was found  to  have a  c o n s ta n t  
ph ase  s h i f t  o v e r i t s  w orking  ran g e  when o p e ra t in g  a t  100 kHz. A p h a se -  
s h i f t i n g  c i r c u i i :  s im i la r  to  t h a t  d e s c r ib e d  by McSkimin (1 9 5 2 ), shown 
i n  F ig . (5*15) was c o n s tru c te d  and c a l ib r a t e d .
5 . ^ . 6  The d i f f e r e n t i a l  a m p l i f i e r .
A d i f f e r e n t i a l  a m p l i f i e r  w ith  a  g a in  o f  t h i r t y  tim e s  was 
c o n s t r u c te d ,  a g a in  u s in g  a  m i c r o c i r c u i t ,  th e  c i r c u i t  i s  shown in  
F ig .  ( 5 - 6 ) .
5 . 4 . 7  The com plete  t e s t  c i r c u i t .
The com plete  c i r c u i t  o p e ra te d  s a t i s f a c t o r i l y  as  a d e v ic e  f o r
/
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d e te c t in g  th e  d i f f e r e n c e  in  v i s c o s i t y  betw een two l i q u i d s .  P la te  
(5 .+  ) shows a  t y p i c a l  com parison  t r a c e  o b ta in e d  f o r  l i q u i d - p a r a f f i n  
and t r a n s fo rm e r  o i l ,  th e  b a la n c e  netw ork  has been  a d ju s te d  to  g iv e  a 
n u l l  on th e  n in th  r e f l e c t i o n  o f  th e  t r a n s m i t t e d  p u ls e .
/
SECTION 6
EXPERIMENTAL PROCEDURE
6 .1  T e s t C e l l  and G lassw are P r e p a r a t io n .
F or b o th  te c h n iq u e s ,  th e  c e l l  components w ere w ashed w ith  soap
and w a te r ,  th e n  w ith  m ethy l a lc o h o l fo llo w e d  by warm t r i c h lo r o e th y le n e
and  w ere f i n a l l y  d r ie d  in  a  vacuum oven . The pump u n i t  and  g la ssw a re
w ere a l s o  s u b je c te d  to  a  s im i la r  c le a n in g  p ro c e d u re . The c e l l ,  o r
c e l l s  and th e  p e r i s t a l t i c  pump w ere assem bled  and co n n e c te d  t o  th e
g la s s w a re , as shown in  F ig . (5»3)». and s u b je c te d  t o  red u ce d  p r e s s u re  
“ 3 —U(10 t o  10 t o r r )  w ith  b o th  c o ld  t r a p s  in  o p e ra t io n .  T h is  was 
c o n tin u e d  u n t i l  no f u r th e r  co n d en sa tio n  was o b se rv ed  in  e i t h e r  c o ld  
t r a p .  .-■*
The m o n ito rin g  c i r c u i t s  w ere co n n ec ted  and th e  b e h a v io u r  o f  th e  
t r a n s d u c e r  e lem en ts  o b se rv ed . In  th e  ca se  o f  th e  D ir e c t  Im m ersion C e l l ,  
v a lu e s  o f  th e  t r a n s d u c e r  re s o n a n t- f re q u e n c y  and r e s i s t a n c e  a t  re so n a n c e  
w ere m easured . For th e  Long Rod T ech n iq u e , th e  a t te n u a t io n  f o r  each  
r e f l e c t i o n  was n o te d , see  F ig . ( i j - .^ . l ) .
The l e s s  v is c o u s  l i q u id s  w ere f i l t e r e d  and t h e i r  v i s c o s i t i e s  
d e te rm in e d  u s in g  an Ubbelohde v is c o m e te r .
The t e s t  l i q u i d  was a d m itte d  to  th e  m o lecu la r  s ie v e  b e d , w here
i t  rem ained  u n d er red u ced  p re s s u re  f o r  tw e n ty -fo u r  h o u rs ,  th e  r e s t  o f
•. . - 3t h e  a p p a ra tu s  b e in g  m a in ta in e d  a t  a  p r e s s u re  o f  l e s s  th a n  10 t o r r .
The d r ie d  l i q u i d  was a llow ed  to  e n te r  th e  d e g a ss in g  f l a s k  v i a  
s in te r e d  g la s s  f i l t e r s ,  th e  main d eg a ss in g  a c t io n  ta k in g  p la c e  on th e  
lo w e r fa c e  o f  th e  f i n a l  s i n t e r .  F u r th e r  d eg ass in g  to o k  p la c e  in  th e  
f l a s k ,  th e  l i q u i d  b e in g  c o n tin u o u s ly  a g i t a t e d  w ith  a  m ag n e tic  s t i r r e r .  
T o ta l  d e g a ss in g  tim e s  v a r ie d  w ith  th e  v i s c o s i t y  o f  th e  l i q u i d ,  in  some 
c a s e s  a  c ru d e  form  o f  h e a t in g  o r  c o o lin g  was used  e i t h e r  t o  a c c e le r a te  
d e g a ss in g  o r  p re v e n t e x c e ss iv e  e v a p o ra tio n  o f  th e  l i q u i d .
The l i q u i d  was th e n  a llow ed  t o  f lu s h  th ro u g h  th e  c e l l  o r  c e l l s  and 
was s u b se q u e n tly  r e tu r n e d  to  th e  m o le c u la r  s ie v e -b e d  w here i t  rem ain ed  f o r  
f o r  a  f u r t h e r  p e r io d  o f  fo u r  h o u r s . T h is  p ro ced u re  was r e p e a te d
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s e v e r a l  tim es  p r i o r  to  f i l l i n g  th e  c e l l ( s )  f o r  t e s t i n g .
6 .2  T e s t P ro c e d u re .
6 .2 .1  D ire c t  Im m ersion T ech n iq u e .
M easurem ents w ere made o f  th e  change in  re s o n a n t- f re q u e n c y  and 
r e s i s t a n c e  a t  re so n a n c e , fo llo w in g  th e  adm issio n  o f  th e  l i q u i d  t o  th e
c e l l .  From th e s e  m easurem ents th e  v i s c o s i t y  o f  th e  sam ple was
c a lc u la te d  hy means o f  e q u a tio n s  ( ^ . 3 . 1*0 , (^* 3 . 1 5 ) and ( ^ . 2 . 1l ) .
; P r e s t r e s s in g  t im e s ,  f o r  p o la r  l i q u id s  p a r t i c u l a r l y ,  w ere found to  
be  q u i te  lo n g , th e  s t r e s s e d  b u lk  o f  th e  l i q u i d  b e in g  r e l a t i v e l y  la r g e  
compared w ith  t h a t  in  say  a  s p h e re -s p h e re  t e s t  c e l l .  However, 
c i r c u l a t i o n  o f  th e  t e s t  l i q u i d  ov er io n -ex ch an g e  r e s i n  and th ro u g h  a 
 ^ p o r o s i ty  5 f i l t e r  was found to  be an e f f e c t iv e  way o f  re d u c in g  p r e ­
s t r e s s in g  tim e s  e s p e c i a l l y  in  th e  ca se  o f  p o la r  l i q u i d s .  W ith th e  
p e r i s t a l t i c  pump o p e r a t in g ,  c o n d u c tio n  c u r r e n t  was m o n ito red  f o r  
v a r io u s  v a lu e s  o f  a p p l ie d  f i e l d  up to  ap p ro x im a te ly  75% o f  th e
en v isag e d  maximum t e s t  v a lu e . The l i q u i d  was th e n  p f e s t r e s s e d  a t  t h i s
■ l e v e l ,  w h i ls t  in ' c o n tin u o u s  c i r c u l a t i o n ,  f o r  tw e n ty -fo u r  h o u rs .  When 
th e s e  p r e l im in a r ie s  had  been  s a t i s f a c t o r i l y  co m p le ted , th e  p e r i s t a l t i c  
pump was sw itch ed  o f f  and th e  fo llo w in g  p a ra m e te rs  o b s e rv e d : -  
t r a n s d u c e r  re s o n a n t- f re q u e n c y , t r a n s d u c e r  r e s i s t a n c e  a t  re so n an ce  
a p p l ie d  v o l ta g e ,  c o n d u c tio n  c u r r e n t ,  t e s t - c e l l  te m p e ra tu re  and tim e  from  
a p p l ic a t io n  o r  v a r i a t i o n  o f  a p p l ie d  f i e l d .
6 .2 .2  The Long Rod T ech n iq u e .
The p re l im in a ry  p ro ced u re  was s im i la r  to  t h a t  d e s c r ib e d  f o r  th e  
D ir e c t  Im m ersion T echn ique . W ith one c e l l  f i l l e d  w ith  l i q u i d  and th e  
o th e r  em pty, th e  d i f f e r e n c e  i n  a t te n u a t io n  and p hase  s h i f t ,  b e tw een
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s im i la r  r e f l e c t i o n s  from  each  c e l l ,  was n o te d , see  F ig . ( i u ^ . l )  and 
th e  v i s c o s i t y  o f  th e  sam ple deduced from  e q u a tio n  (U.U.1 ) •  B oth c e l l s  
w ere th e n  f i l l e d  f o r  t e s t i n g  a f t e r  b e in g  f lu s h e d  th ro u g h  s e v e r a l  t im e s .
In  view  o f  th e  l a r g e  c u r r e n ts  e n co u n te red  in  t h i s  te c h n iq u e ,  th e  
r e s i s t a n c e  in  s e r i e s  w ith  th e  HSV'-supply (s e e  F ig . 5*1) had  t o  be 
red u ce d  c o n s id e ra b ly . A f te r  p r e s t r e s s i n g ,  th e  p a ra m e te rs  m o n ito red  f o r  
v a r io u s  v a lu e s  o f  a p p l ie d  f i e l d  w ere in  t h i s  c a s e : -  r e f l e c t i o n  num ber, 
d i f f e r e n c e  in  a t te n u a t io n  betw een ( t e s t  c e l l  and r e f e r e n c e  c e l l )  
r e f l e c t i o n s ,  co n d u c tio n  c u r r e n t ,  t e s t - c e l l  te m p e ra tu re  and tim e  from  
a p p l ic a t io n  o r  v a r i a t i o n  o f  f i e l d .
/
SECTION 7
EXPERIMENTAL RESULTS
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7 .1  . The D ir e c t  Im m ersion T echn ique.
7 .1 .1 .  I n t r o d u c t io n .
The e q u a tio n
Af = -fe+a) X
a  £
E q u a tio n  ( b . 3 , l b )
and
AV= ( 2 ^  a )  Ha3 P
4i)2
E q u a tio n  ( ^ .3 .1 5 )
d e s c r ib e  th e  v a r i a t i o n  in  th e  t r a n s d u c e r  e l e c t r i c a l  p a ra m e te rs  on 
im m ersion in  a  l i q u i d  whose s p e c i f i c  m ech an ica l im pedance i s
C ~  L
These two e q u a tio n s  may h e  r e w r i t t e n  in  th e  form
. - • . Af= ( 7 . 1 . 1 )
A fc  K  ^  . ( 7 . 1 . 2 )
P re v io u s  -w orkers, B arlow  e t  a l .  (1961 ) have u sed  a N ew tonian l i q u i d  o f  
known v i s c o s i t y  to  o b ta in  v a lu e s  f o r  b ecau se  th e  d i r e c t
d e te rm in a tio n  o f  th e  p i e z o - e l e c t r i c  c o n s ta n t ,  i s  d i f f i c u l t .  A v a lu e  
f o r  may a ls o  be o b ta in e d  by t h i s  m ethod. However, may e a s i l y  be  
c a l c u la te d  from  th e  p h y s ic a l  p r o p e r t i e s  o f  th e  t r a n s d u c e r .  Thus f o r  a 
50 kHz t r a n s d u c e r  w ith  th e  fo llo w in g  p a ra m e te rs ,
/
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2 1  = 3.925 cm 
C t = 0.1*75 cm 
= 2.60  g cm-3
we f in d ,  from  e q u a tio n  ( 7 .1 .1 )» t h a t
= -  0 .289  g”1 cm2 .
B arlow  e t  a l .  (1961 ) have commented t h a t  th e  v a lu e  o f  deduced in  
t h i s  manner may be up t o  5% to o  sm all due t o  m inor i r r e g u l a r i t i e s  in  
th e  s u r fa c e  o f  th e  t r a n s d u c e r .  As th e s e  a u th o rs  have a ls o  shown t h a t ,  
a t  th e  f re q u e n c ie s  u sed  in  t h i s  w ork, s i l i c o n e  o i l ,  o f  k in e m a tic  
v i s c o s i t y  c o e f f i c i e n t  3 cS , (one o f  th e  MS200 s e r i e s , s u p p lie d  by 
M idland S i l ic o n e s  L td .)  behaves in  a  N ew tonian m anner, t h i s  l i q u i d  was 
chosen  as a  s ta n d a rd  in  t h i s  w ork. N ew tonian behav iourr, as  h as  a l re a d y  
b een  seen  in  S e c tio n  (U ), r e q u i r e s  t h a t ,
2
and t h e r e f o r e ,
( 7 . 1 . 3 )
7 .1 .2  N o n -p o la r l i q u id s  -  ze ro  a p p l ie d  f i e l d .
P r io r  t o  any h ig h  v o lta g e  t e s t s  , v a lu e s  o f  and w ere
checked by o b se rv in g  th e  change in  re s o n a n t freq u en cy  and r e s i s t a n c e  a t
re so n an ce  when th e  t r a n s d u c e r  was im mersed in  3 cS s i l i c o n e  o i l .  The
c a l c u la t io n  o f  Xf and f ° r  a  p a r t i c u l a r  ca se  i s  g iv e n  below .
/
90
MS200/3 cS s i l i c o n e  o i l .
-3= 0 .9 1 0  g.cm , *\) = 3 .0  cS
and ^  = 2 . 7^ cp .
U ltr a s o n ic  D ata
~fo = 50163.1 Hz, = 3 .0  -  n~ 3, x 10 '
^  = 501UU.1 Hz, %oe  = 1 .5 7  x  105
r 1
where th e  s u b s c r ip t  O r e f e r s  to  th e  t r a n s d u c e r  a t  re so n an ce  in  vacuo
f  0 '
and th e  s u b s c r ip t  o t  r e f e r s  to  th e  re so n an ce  w h ile  im m ersed. 
T h e re fo re ,
A r  = 1 .5 ^  x l O 5^ .  and 4  f  = - 1 9 . 0  Hz 
and from  eqn. ( 7 *1 . 3 )
$  * 2
I n s e r t i o n  o f  v a lu e s  f o r  cj , jo  and ^  i n  t h i s  e q u a tio n  g iv e s ,
= 2 .2 7  x 103 vT2..S.cm2 g"1
and ■
^ 2  = ” 0*302' g ^ cm2 •
The v a lu e  o f  i s  seen  t o  be a p p ro x im a te ly  ■$% h ig h e r  th a n  t h a t  g iv e n  
by  e q u a tio n  (^ .3 .1 5 )»  in  agreem ent w ith  th e  o p in io n  o f  Barlow  e t  a l .  
(1961 ) .  These v a lu e s  o f  and may th e n  be  u sed  to  d e te rm in e  th e  
s p e c i f i c  m ech an ica l im pedance o f  a n o th e r  l i q u i d .  F o r exam ple,
MS 200/10 cS s i l i c o n e  o i l
■ 0 .930  g cm"3 , ■ S )  = 1 0 .0  cS
and = 9*30 cp .
(M easurement o f  ^  w ith  an  Ubbelohde v isc o m e te r  gave a  v a lu e  o f  9*^1 cp)
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U ltr a s o n ic  D ata :
and
K± = 2 .2 7  x  103 J l  s .cm 2 g”1
-1  2= -  0 .3 0 2  g c m ,  from  above.
^  = 50160.0 Hz
A f  = -3 5 .1  Hz 
A 2  = 2.5^ x i o 5j i
T h e re fo re ,
= 11 2 .2  d y n e .s .cm  3
and X-£ = l l 6 . 0  d y n e .s .cm
I f  th e  l i q u i d  i s  s t r i c t l y  N ew tonian ,
^  = \  r
(from  e q u a t io n
t .2 .1 2 )
and i t  w i l l  he  seen  t h a t  t h i s  c o n d i t io n  i s  s a t i s f i e d  to  w i th in  2%. T h is  
r e s u l t  i s  re g a rd e d  a s  s a t i s f a c t o r y  and th e  v a lu e  o b ta in e d  f o r ^  i s  
^  = 9 .2 3  -  0.U cp .
w hich i s  in  good agreem ent w ith  t h a t  v a lu e  m easured  u s in g  th e  
UbJ>elohde v isc o m e te r  and w ith  th e  v a lu e  o b ta in e d  from  th e  m a n u fa c tu re rs  
d a ta .
7»1*3 N o n -p o la r l i q u id s  s u b je c te d  to  an e l e c t r i c  f i e l d . ;
The e f f e c t  o f  an a p p l ie d  e l e c t r i c  f i e l d  on th e  r h e o lo g ic a l  
b e h a v io u r  o f  th e  3 cS and th e  10 cS s i l i c o n e  o i l s ,  in d i c a te d  by  
v a r i a t io n s  in  th e  re s o n a n t freq u en cy  and r e s i s t a n c e  a t  re so n a n c e  o f  th e  
im m ersed t r a n s d u c e r ,  i s  d e m o n stra te d , to g e th e r  w ith  c o n d u c tio n  b e h a v io u r ,  
in  T ab le s  (7* 1) and (7 « 2 ). As can be  seen  from  th e s e  t a b l e s  t h e r e  was
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F ie ld
(kV/cm)
i  YA) Time 
(m in s . )
R ( j l x  10 5 )
0 0 0 1.57 50163.9
15.75 1.00. x io:| 
7.00 X 10“ •
0
5
1.57
1.57
501^3.9
50163.9
31.50
_o
7.00 X 10V  
, 6.00 x 10
0 '1 .57 50166.0
5 1.57 50166.0.
67.25 2.75 X i s f 1
3.50 x 10 '
0 1.57 50166.0
5 1.57 50166.0
62.50 9.50 x 10~ l 0 1.57 50166.0
9.50 x 10 ' 5 1.57 50166.0
78.75
—62.30 x 10 ? 0 1.57 50166.0
2.65 x 10 5 5 1.57 50166.0
2.10 x 10 5 10 1 .57 . 5OI66.O
2.20 x 10 15 1.57 50163.9
9 6.50.
—6
6.50 x 10 £ 0 1.57 50166.2
6.50 x 10 5 5 1 .5 7 ' 50166.2
if. 50 x 10 10 1 .57 50166.2
110.00
—6
8.00 x 10 ? 0 1.57 50166.2
8.00 x 10 5 5 1.57 50166.2
8.00 x l O 10 1.57 50166.2
125.00 1.19 x 10“[j 0 ' 1 . 57V 50166.3
1.20 x 10 ' 5 1 .57 5OI66.3
1.20 x 10 5 10 1.57 50166.3
161.50 2.68 x 10*"c 
2.18 x 10"^
0
5
1 .57
1 .57
50166.5
50166.5
1.65 X  10 '
1.65 x lO’V
10
15
1.57
1 .57
50166.5 
50166.6
T em peratu re 2 2 .0  -  0 .2 5  deg C.
T ab le  (7 * l)«  E f f e c t  o f  E l e c t r i c  F ie ld  
On MS200/3cS S i l i c o n e  O il
/■
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Field
("kV/cm)
I { A ) Time
(mins)
R(J1 x 105) f (Hz.)
0 0 0 2 .58 5012*1.9
31.50 l.ko x 10“8 0 2 .58 50125.0
62.50 9 .0Ox 10“{r 
1 .5 0  x i o "5
1,55 x 10
0
8
15 .0
2.58
2 .58  
2.58
50125.0 
5012*1.9 
50125.1
9^.50 l.OOx 10”  ^
1.20 x 10"' 
1.15 x lO*"'*
0
5
10
2.58
2 .5 8
2.58
50125.1
50125.1
50125.1
125.00 3.00
3.00
3.20
x 10“  ^
x 10 
x 10“^
0
5
1°
2.59
2.59
2.59
50125.0
50125.1
50125.2
lUl .50 ^.50
^.50
x 10“  ^
x 10~>
0
5
2.59
2.59
50125.2
50125.2
157.5 5.50
5.90
6.00
x 10’  ^
x 10“  ^
x 10"5
0
5
10
2.59
2.58
2 .58
50125.2
50125.2
50125.2
172.5 6.80 x 10~5 0 2.58 50125.3 1
Temperature 21.5 “ 0 .25 deg C. 
Table (7 .2 ) Effect of Electric Field on 
MS200/10cS Silicone Oil.
/
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/
/
/
□  3 c S  o i l
1 0 c S  o i l
I { a )
Conduction behaviour of MS200/3cS and MS200/10cS silicone oils.
.7.1.
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no s ig n i f ic a n t  v a r ia t io n  in  th e  T h eo lo g ica l behaviour o f  e i th e r  o f  
th o s e  l iq u id s ,  a t th e  f i e l d  s tren g th  used here (up to  200 kV/cm ),
F ig .  (T » l) i l l u s t r a t e s  t h e i r  co n d u c tio n  b e h a v io u r .
7»l.i+ P o la r  l i q u id s  -  ze ro  a p p l ie d  f i e l d .
T hree p o la r  l i q u i d s ,  namely 1 , 2 , U tr ic h lo r o b e n z e n e ,  n itro b e n z e n e  and 
and ch lo ro fo rm  w ere in v e s t ig a t e d  by th e  D ire c t  Im m ersion T echn ique . Even 
in  th e  absence  o f  an a p p l ie d  f i e l d ,  anom alous b e h a v io u r  was o b se rv ed  in  
each  c a s e . In  g e n e ra l  i t  was found t h a t  th e  v a lu e s  o b ta in e d  f o r  and 
M  im p lie d , on th e  b a s i s  o f  e q u a tio n  (1+ .2 .11), t h a t  th e s e  l i q u id s  had  
n e g a t iv e  r i g i d i t y  ( t h a t  i s  X  ) .  C le a r ly  such  a  r e s u l t  i s
in a d m is s ib le .  I t  was n o te d  t h a t  t h i s  anom aly r e q u ir e d  a  p e r io d  o f  abou t 
f iv e  m in u tes  to  m a n ife s t  i t s e l f  i n  th e  ca se  o f  tr ic h lo ro b e n z e n e  and
J ^
rem ained  s t a b l e  t h e r e a f t e r .  M easurem ents o f  Xjg, and ta k e n
im m ed ia te ly  on im m ersion , T ab le  (7 .3 )»  y ie ld e d  e q u a l v a lu e s  o f  and
o f  ( in d ic a t in g  N ew tonian b e h a v io u r)  and co n se q u e n tly  an a c c e p ta b le  
v a lu e  o f  co u ld  be c a lc u la te d ,  ( i t  sh o u ld  be  n o te d  h e re  t h a t  th e
-I-
u l t r a s o n ic  v a lu e  o f  ^  f o r  t r ic h lo ro b e n z e n e ,  T ab le  (7*3) 2 .1 1  -  cp)
i s  t o 'b e  p r e f e r r e d  a g a in s t  th e  v a lu e  o b ta in e d  by  th e  U bbelohde m ethod 
a s  t h i s  l a t t e r  m ethod i s  u n r e l i a b le  f o r  v i s c o s i t i e s  below  2 .5  c p ) . For 
n itro b e n z e n e  and ch lo ro fo rm , how ever, anomolous b e h a v io u r  ap p ea red  to  
o ccu r im m ediate ly  on im m ersion and v a r ie d  s lo w ly  b u t c o n t in u a l ly  w ith  
tim e  f o r  p e r io d s  o f  up to  one hour as i l l u s t r a t e d  i n  F ig .  ( 7 .2 ) .  A 
change in  t r a n s d u c e r  re s o n a n t freq u en cy  from  50 kHz to  100 kHz d id  n o t 
a l t e r  the . anom alous b e h a v io u r o f  th e  t r ic h lo ro b e n z e n e .  F ig . (7*3) 
i l l u s t r a t e d  th e  t y p i c a l  v a r i a t i o n ,  w ith  te m p e ra tu re  a t  50 kHz, o f  th e  
anom alous v a lu e s  o f  X £  and f o r  t r ic h lo ro b e n z e n e .
A p o s s ib le  e x p la n a tio n  o f  th e  p e c u l ia r  v a lu e s  o f  X £  and 
o b ta in e d  i s  as  fo llo w s . These l i q u i d s ,  b e in g  s tr o n g ly  p o la r ,  m ight
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1 , 2 , U th u c h lo ro b en zen e  
( pt  = 1.1* 5U g..cm 3)
T em perature  range  22 .0  -  23 .5  deg C.
-Po 
(Hz  )
Ro
( id S /z )
K1
103
K2 
(g 1 cm2 )
-P0£_
(•Hz )
Vet X %
1 (c p )
50126.5 3 .70 2 .6 7 0 .302 50108.0 1 .7 0 61.60 61*. 0** 1 .7 3
50053.9 1 .3 5 2.10 0 .305 50032.0 1.1*9 70.1*7 72 .66 2 .2k
50072.0 5.30 2.80 0 .306 50051.0 2 .02 70.35 70.00 2 .16
50109.8 2 . 1i0 2.85 0 .310 50087.3 2.10 72 .58 73 .68 2 .21
50175.5 3 .5 0 2 .71 0 .308 50155.2 1 .9 5 68.50 70 .7^ 2 .1 2
50157.8 8.50 2 .81 0 .300 50136.8 2 .15 70.00 70 .35 2 .16
T ab le  (7*3) The d e te rm in a tio n  0-f th e  v is c o s i ty  of-
' N » ' -
Y 1 »2 »^ tr ic h lo ro b e n z e n e ,  ze ro  a p p l ie d  f i e l d .
/
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a p p l ie d  f i e l d  ( t r i c h lo r o b e n z e n e ) .
Fig.7,3.
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ad h ere  to  th e  co n d u c tin g  s u r fa c e  o f  th e  t r a n s d u c e r ,  th u s  e f f e c t i v e l y  
a l t e r i n g  th o s e  p a ra m e te rs  o f  th e  t r a n s d u c e r  w hich d e te rm in e  th e  
re s o n a n t fre q u e n c y . In  a d d i t io n  th e r e  w i l l  be a  f u r t h e r  change in  
r e s o n a n t freq u en cy  b eca u se  o f  v is c o u s  i n t e r a c t io n  betw een th e  a d h e rin g  
p o la r  m o lecu les  and th e  r e s t  o f  th e  l i q u i d .
Some c o n f irm a tio n  o f  t h i s  su g g e s tio n  i s  o b ta in e d  from  th e  f a c t  
t h a t  a  l a y e r  o f  la c q u e r  p a in te d  on th e  s u r f a c e  o f  th e  t r a n s d u c e r  w i l l  
in d e ed  have th e  e f f e c t  o f  ca u s in g  an a p p re c ia b le  change i n  th e  r e s o n a n t 
freq u en cy  w ith o u t a  s i g n i f i c a n t  change in  th e  r e s i s t a n c e  a t  
re so n an ce  o c c u r r in g . '
I f  one a c c e p ts  t h i s  e x p la n a t io n ,  one can d e te rm in e , g iv e n  v a lu e s  
o f  and o f  th e  l i q u i d ,  th e  v a lu e  o f  At t h a t  one sh o u ld  o b ta in  
in  th e  absence o f  any a d h e re n t l a y e r .  From t h i s  c a lc u la te d  v a lu e  o f  A - P  
we may say  t h a t  th e  o b se rv ed  change in  f re q u e n c y , AC- , i s  r e l a t e d  t o  
th e  change in  f re q u e n c y , S f  due t o  th e  a d h e re n t l a y e r  o f  p o la r  
m o le c u le s , by th e  e q u a tio n
Af '=  Sf  +AC
( T - l - U )
The v a lu e  o f  so o b ta in e d  can th e n  b e  u sed  to  e s t im a te  th e
th ic k n e s s  o f  th e  a d h e re n t l a y e r  £<r fo llo w s :
The re s o n a n t fre q u e n c y , £  , o f  th e  t r a n s d u c e r ,  i s  g iv e n  by  th e
r e l a t i o n ,
(from  e q u a tio n s  
J+ .3 .9a ,b )
/
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w hich can a l s o  he w r i t t e n  in  th e  form
L /
(R ig id i ty  o f  t r a n s d u c e r  c r o s s -  
s e c t io n
Moment o f  i n e r t i a / u n i t  l e n g th .
I f  we assume t h a t  th e  la y e r  m ere ly  a l t e r s  th e  moment o f  i n e r t i a  o f  th e  
t r a n s d u c e r ,  w ith o u t chang ing  i t s  r i g i d i t y ,  we h av e , see  F ig .
Fig .7 4
where i s  th e  d e n s i ty  o f  th e  l a y e r ,  w hich i s  assum ed to  h e  e q u a l t o
t h a t  o f  th e  h u lk  l i q u i d .
H ence,
- -  cl
2 . S
£ ( 7 .1 .5 )
/
In  T ab le  (7*M we l i s t  the'm axim um  v a lu e s  o f  A f  m easured  f o r  1,2,2* 
t r ic h lo ro b e n z e n e ,  in  th e  absence  o f  a  f i e l d ,  d u r in g  s e v e r a l  t e s t s .  
In c lu d e d  in  th e  t a b l e  a re  o th e r  r e le v a n t  d a ta  e n a b lin g  an e s t im a te  
o f  th e  th ic k n e s s  o f  th e  a d h e re n t l a y e r  t o  b e  made by means o f  e q u a tio n  
(7 *1 .5 )*  .A  sam ple c a l c u la t io n  i s  as fo llo w s :
j > l  = 1.2*5** g cm""3 , ^  = 2 .1 1  c p . ,  - f 0  = 50126.5 Hz
= 2 .60  g cm 3 , CL -  ,0.2*75 cm = 3 .7  x 103 s i
K { = 2 .6 7  x lO ^ .S .c m 2 g”1 , AC2 = ~ 0 .305  g""1 cm2
On im m ersion,
-f?o t = 50081.0 Hz ^  = 1 .6 2  x 105 S I
H ence,
I
A f  = -2*5 .5  Hz
A f -  k0 = -  2 1 .2  Hz
w h ereas ,
c o n se q u e n tly , from e q u a tio n  (7.1.2*)
£ f - A f  t  A f  = -  22*.3 Hz
and from  e q u a tio n  (7 .1 .5 )»
= 2 .0 6  x  10 ^ cm.
The s ig n i f i c a n c e  o f  t h i s  r e s u l t  and th o s e  in  T ab le  (7 .^ 0  w i l l  be  
d is c u s s e d  in  S e c tio n  8.
No c a lc u la t io n s  o f  cTo. have been  a tte m p te d  f o r  n it ro b e n z e n e  
and ch lo ro fo rm  b ecau se  i t  was n o t p o s s ib le  to  o b ta in  s t a b l e  v a lu e s  o f
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^  = 2 .1 1  cp .
2 3 .5  deg C.
(Oxjz.s.c^.g1
f 2
(9 m .) ( l&xsd (Hz)
~Caiccl. 
( A c  
( H z  )
'f o t  
(Hz).
- A f 1
(Hz) (Hz)
C a t  id .
S’CL 
(lOBXC.rA
2 .7 1 0 .310 k-5' 50330.0 21 .5 50300.8 29 .2 7 .7 6 . 1*
1 .9 7 0 .306 5 .3 50072.0 21 .2 50021*. 2 1*7 .8 2 6 .6 2 2 .2
2 .85 ' 0 .316 2.1* 50109.8 2 1 .9 50069.7 1*0 .1 1 8 .2 1 6 .0
2 .7 1 0 .308 3 .5 50175.5 2 1 .3 50111*. 7 60 .8 39 .5 33-5
2 .8 0 0 .300 3 .5 50157.8 2 0 .8 50125.5 32 .3 1 1 .5 9 .9
2 .05 0 .3 0 7 5 .8 5011*8 .0 21 .3 50112.7 35 .3 ll* .0 1 3 .3
T ab le  *(7'. 10 Maximum freq u en cy  d e v ia t io n s  o b ta in e d  on th e  
im m ersion o f  t r a n s d u c e r s  in  u n s t r e s s e d  t r i c h lo r o b e n z e n e ,  
showing c a lc u la te d  v a lu e s  f o r  th e  th ic k n e s s  o f  an  a t ta c h e d  
s u r fa c e  l a y e r .
1,2,1* t r ic h lo ro b e n z e n e
= 1.1*5^ g cm 3
T em perature range  22 .0  —
103
7 . 1 . U P o la r  l i q u id s  s u b je c te d  to  an e l e c t r i c  f i e l d .
In  th e  p re se n c e  o f  a  s tro n g  e l e c t r i c  f i e l d  (0 -  200 kV/cm) i t  
•was found  t h a t  o n ly  in  th e  case  o f  1 ,2 ,^  t r ic h lo ro b e n z e n e  .was i t  
p o s s ib le  t o  o b ta in  any d eg ree  o f  c o n s is te n c y  in  th e  r e s u l t s .  H igh ly  
e r r a t i c  c o n d u c tio n  b e h a v io u r ,  o f te n  le a d in g  to  breakdow n, was o b ta in e d  
w ith  n itro b e n z e n e  and ch lo ro fo rm . T y p ic a l u l t r a s o n ic  r e s u l t s  o b ta in e d  
on s t r e s s i n g  tr ic h lo ro b e n z e n e  a re  g iv e n  in  T ab les  ( 7 . 5)9 (7*6) and 
( 7 .7  )• The v a lu e s  o f  and X ^ th e r e i n  a re  c a lc u la te d  from
e q u a tio n s  (i*.3.1^-) and (^ .3 .1 5 )  u s in g  v a lu e s  o f  and o b ta in e d  as 
d e s c r ib e d  in  S e c t io n  ( 7 .1 .1 ) .  The v a r i a t io n s  o f  and X w ith  tim e
f o r  s e v e r a l  v a lu e s  o f  a p p l ie d  f i e l d  a re  p l o t t e d  in  F ig s # (7 .5 )  and (7 .6 )
I t  w i l l  be seen  from F i g s . ( j . 6 ,7 )a n d T ab le s  ( 7 . 5)9 (7*6) and  (7*7) 
t h a t  and X^  a r e  s e n s i t i v e  t o  th e  power in p u t o f  th e  t r a n s d u c e r .
I t  was found t h a t  th e  v a lu e s  o f  X £  and fo llo w in g  th e
s w itc h in g  on o f  th e  t r a n s d u c e r  w ere h ig h ly  anom alous and tim e -d e p e n d e n t 
i f  th e  l i q u i d  had  been  s u b je c t  to  e l e c t r i c  f i e l d  f o r  some c o n s id e ra b le  
tim e  b e fo re h a n d  (up to  12 h o u r s ) ,  see  F ig . ( 7 .7 ) .  T h is  i s  i n  m arked 
c o n t r a s t  t o  th e  b e h a v io u r  in  th e  absen ce  o f  a  f i e l d ,  d is c u s s e d  in  th e  
•p re v io u s  s e c t io n ,  when anom alous b u t s t a b l e  v a lu e s  o f  and
w ere o b ta in e d .
In  T ab le  (7*8) v a lu e s  o f  A f  and a re  deduced f o r  th e
im mersed t r a n s d u c e r  im m ed ia te ly  su b seq u en t t o  i t s  e x c i t a t i o n .  These 
p a ra m e te rs  a re  p re s e n te d  f o r  v a r io u s  v a lu e s  o f  a p p l ie d  f i e l d ,  th e  
l i q u i d  h av in g  been  p r e s t r e s s e d  a t  each  v a lu e  f o r  some c o n s id e ra b le  tim e  
p r i o r  t o  t r a n s d u c e r  e x c i t a t i o n .  The v a lu e s  o f  and c a lc u la te d  
from  e q u a tio n s  (ii.3 .1^-) and ( 1k 3 . 1 5 ) a re  in c lu d e d  and  t h e i r  v a r i a t i o n  
w ith  e l e c t r i c  f i e l d  p lo t t e d  in  F ig . (7 * 8 ). The p r e s t r e s s e d  co n d u c tio n  
b e h a v io u r f o r  t r ic h lo ro b e n z e n e  i s  shown in  F ig . (7 * 9 ).
/
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1 ,  2 ,  k ‘t r ic h lo ro b e n z e n e  
( = 1 A 5U gm. cm 3 y ~ 2 ,11 CP *)
U ltr a s o n ic  d a ta
- f a  =  5 0 1 ^ 8 . 0 ^  K = 2 .0 5  X 1 0 3J^ >S.Cro:lg'".,
Ho = 5 .8  x  103 U2, K2 = 0 .3 0 7  g C m .
T em perature  23 .0  -  0 .2 5  deg C.
F ie ld  a p p l ie d  a t  tim e  t  = o , ( l i q u i d  p r e s t r e s s e d  f o r  2k h o u rs  
th e n  l e f t  w ith o u t f i e l d ,  f o r  2k h o u r s ) .  U ltr a s o n ic  power in p u t = 25 a \ f
Time
(m ins.) ( 1 0  ^ XSI) ( H z )
F ie ld  
(kV/cm )
C u rren t
(1 0  A )
v
(oUjn-e .s.crn3)
5 1 .6 3 50112.7 62 .5 3 .5 l l i i . 9 7 6 .7
20 1 .6k 50113.8 3 .5 l l l i .O 7 7 .1
25 1 .6 6 5011U.1 k .2 1 1 0 . k • 78.0
55 1 .6 9 50115.1 k.O 108 .1 79 .0
85 1 .7 2 50117.0 *1.0 1 07 .5 81 .0
■ 125 - 1 .7 3 5O II8 .8 3 .0 101 .0 81 .5
155 1 .7 5 3 .2 9 7 .7 8 2 .li
0 MINOR BREAKDOWN (no damage) - - -
5 .0 1 .9 0 50106.0 7 .0 1 3 6 .8 89 .8
T ab le  (7*5) .  V a r ia t io n  o f  and w ith  tim e  from  
a p p l ic a t io n  o f  f i e l d ,  t r a n s d u c e r  c o n tin u o u s ly  o p e r a t in g ,  
u l t r a s o n ic  power in p u t r e l a t i v e l y  low .
/
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1,2,1+ tr ic h lo ro b e n z e n e
[■
^ -  1.1+51+ gm cm-3
U ltr a s o n ic  D ata
■fe - 500T2.0 Hz
R = 5 - 3 x 1 0 DSio
7 = 2 .11  cp
Kx = 2 .8  x  103 Sl .S .Crr?  o f 1
K0 = 0 .3 0 6 .-J . C m .
T em perature  22 .5  ” 0 .2 5  deg G 
P r e s t r e s s e d  th e n  l e f t  w ith  no ap p lied , f i e l d  f o r  12 h o u rs ,  
f i e l d  a p p l ie d  tim e  t  = 0 . U ltr a s o n ic  power in p u t = 25 J j ^ f
Time
(m ins)
^P^-5 
( 1 0  k  J 2 .
/
oe(nz)
F ie ld
kV/cm
C u rren t
(  i o I a ) * 1otyocscm 3 cLyne.s. cnr2*
5 .0 157 .5 5 ^ .3
6 .5 155 .5 5 3 .9
6 .3 155 .9 5 3 .9
6 .2 150 .7 5 3 .9
6 .2 1 5 1 .6 53 .9
6 .1 139 .0 57 .9
8 .0 139 .5 5 7 .9
7 .8 138 .5 5 7 .9
7 .8 138 .5 5 7 .9
to  t r a n s d u c e r )
7 .5 1 5 6 .2 52.0
8 .8 151+.6 52 .0
7 .0 11+9 .0 5 3 .2
6 .8 11+7.1* 5 3 .2
6 .8 11+7 .0 53 .6
tr a n s d u c e r )
1 0 .0
0 1 .5 7  50023.8  125.0
5 1 .5 6  5002*+.1+
10 1 .5 6  50021+.3
25 1 .5 6  5002l|.9
35 1 .5 6  50025.8
85 1 .5 6  50029.5
90 1 .6 2  50029.3 157 .5
9 2 .5  1 .6 2  * 50029.6
9 7 .5  1 .6 2  - 50029.6
M inor Breakdown
0 1 .5 1  50021+.2 125 .0
2 .5  1 .5 1  50021+.7
1 0 .0  1 .5 4  50026 .^
3 0 .0  I . 5U 50026.9
1+5.0 1 .5 5  50027.0
• L arge Breakdown ( damage 
50 .0  1+9971.1+ 62 .5
T ab le  ( 7 . 6 )  V a r ia t io n  o f  X ^and.R^w ith tim e  from  a p p l ic a t io n  
o f  f i e l d ,  t r a n s d u c e r  c o n tin u o u s ly  o p e r a t in g ,  u l t r a s o n ic  
power in p u t r e l a t i v e l y  low .
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1 ,  2 ,  ^ tr ic h lo ro b e n z e n e  
( ~ -1 . 1+5.1+ gm. cm ^ = 2 .11  c p .)
U ltr a s o n ic  D ata
Jfa = 50175-5 Hz K_ = 2-71 x l O ^ . S . C 'n 1? 3 “ '
(£, = 3 .5  x  103j j . K2 = 0 .3 0 8  g".1 Cm.
T em peratu re = 2 2 .0  -  0 .2 5  deg C.
F ie ld  .ap p lie d  a t  tim e  t  = o , no p re v io u s  s t r e s s i n g ,  
U ltr a s o n ic  power in p u t = 60 y x M
Time 
m in s .
I t
(n z ) ^ - 5  \r i o x j ^ )
F ie ld
(kV/cm)
C u rren t 
(10 YA) bfdyne.SjCni )
\  ' .  
(ctyn<.s. Crn"3)
0 50111+. 7 1 .9 7 62 .5 2.1+ 1 9 1 .b 7 1 .6
5-0 50111+. 8 1 .99 2.1+ 1 9 1 -b 72.0
1 0 .0 50111+.7 1 .99 3 .0 191-b 72 .0
1 5 .0 50111+.8 2 .0 0 3 .0 1 9 1 -b 7 3 .8
20 .0 50111+.3 2 .0 1 3 .1 195- b 71+.2
25 .0 5O II5.9 2 .05 3 .0 192,5 75 .6
35 .0 50119.1+ 2 .08 2 .8 1 85 .8 76 .8
1+0 .0 50119.8 2 .0 7 2 .6 l8 4 .l t 7 6 . 1+
.. 50 . 0 - 50121.3 2 .06 2 .5 i 79 .lt 76 .0
65-0 50122.3 2 .01+ 2 .2 1 7 6 .2 7 5 .3
8 5 .O 50123.5 2 . 01+ 2 . 1+ 1 7 2 .2 7 5 .3
110.0 50125.6 2 .06 2 . 1+ 1 6 5 . 2 ' 76.0
T ab le  ( T•T)• V a r ia t io n  o f  X^and R^with tim e  from  a p p l ic a t io n  o f  
f i e l d ,  t r a n s d u c e r  c o n tin u o u s ly  o p e r a t in g ,  u l t r a s o n ic  power in p u t 
r e l a t i v e l y  h ig h .
/ :
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V a r ia t io n  o f  Xg, and %  w ith  tim e  from  a p p l ic a t io n  o f  f i e l d ,  
showing e f f e c t  o f  chang ing  power in p u t to  th e  t r a n s d u c e r ,  
f o r  t r ic h lo ro b e n z e n e  w ith  an a p p l ie d  f i e l d  o f  6 2 . 5 kV/cm.
fig.  7.5.
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K2 = 0 .3 0 6 <^[ Crn
R = 5 .3  x  103 - i2o
2 3 .0 .deg C.
F ie ld
(kV/cm)
C u rren t
(A) (Hz) |CTsx tfi '
X ^ . - 3
dyne. s . cm
JL -3  
dy n e . s . cm
0 0 50022.0 1 .5 5 l6 3 .i l 76 .1
1 5 .6 5 .8  x  10“ T 50062.0 2 . 1+8 3 2 .il 1 2 3 .3
31 .2 i . h  x  i o "6 50057.2 2 .35 ii8 . 1+ 1 1 6 .7
ii6 .8 2 .9  X 10~6 50060.0 2 .i |2 3 9 .2 1 2 0 .3
62 .5
—6
5 .1  x  10 50062 .il 2 .il0 3 1 .ii 1 1 9 .3
7 8 .2 1 .8  x  10"5 » 50062.9 2.60 29 .7 12U.3
9I1.O 1 .9  x  10” 5 50056.3 2 .3 6 51 .3 1 1 7 .2
10 9 .3 1 .9  x  10"5 50061.6 2 . 1+6 31+ .0 1 2 2 ,3
1 I1O.5 7 .8  x  10"5 50053.9 2.30 59 .2 l l i l . 2
A/
T ab le  (7*8) V a r ia t io n  o f  and -with a p p l ie d
. f i e l d j  t r a n s d u c e r  sw itch ed  on t o  ta k e  re a d in g s  o n ly .
l , 2 ,i | t r ic h lo ro b e n z e n e
= 1 .U5.U' g cm 3
U ltr a s o n ic  d a ta
K± = 1 .9 7  x 10^.S.c<®?-g~l 9
■To = 50072.0 l~l<z and
T em peratu re 2 2 .0 .deg C to
/
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0 5 0  E k V /c m 100
V a r ia t io n  o f  co n d u c tio n  c u r r e n t  v i t h  p r e s t r e s s e d  
f i e l d  ( t r i c h lo r o b e n z e n e ) .
Fig .7.0.
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7 .2  , Long Rod T echn ique.
7 .2 .1  In t r o d u c t io n .
The p hase  s h i f t e r  d e s ig n ed  (F ig . 5*15) d id  n o t have s u f f i c i e n t  
r e s o lu t io n  f o r  th e  l i q u i d  t e s t e d  h e re .  I t  was n o t' p o s s ib le ,  t h e r e f o r e ,  
to  o b ta in  a  p r e c i s e  d e te rm in a tio n  o f  AB , th e  d i f f e r e n c e  in  p h a se -  
s h i f t  p e r  cm, betw een an unim m ersed ro d  and an im m ersed ro d ,  and o f  
th e  d i f f e r e n c e  in  p h a s e - s h i f t  p e r  cm betw een th e  ro d s  when th e y  a re  b o th  
im m ersed, ( th e  l i q u i d  su rro u n d in g  one ro d  h av in g  a  s l i g h t l y  d i f f e r e n t  
c o e f f i c i e n t  o f  v i s c o s i t y  from  t h a t  su rro u n d in g  th e  o t h e r ) . The phase  
s h i f t e r  was th u s  u sed  p u re ly  as  a  b a la n c in g  d ev ice  r a th e r  th a n  f o r  
a b s o lu te  m easurem ent. W ithout a  knowledge o f  A b  and  S b ,  x  and
r s - /
co u ld  n o t be  o b ta in e d  and  th e  r e s u l t s  g iv en  below  a re  on th e  
assum ption  t h a t  , t h a t  i s  th e  l i q u i d  i s  re g a rd e d  as  b e in g
N ew tonian and d evo id  o f  e l a s t i c  p r o p e r t i e s ,  .Under norm al c o n d i t io n s  
t h i s  i s  a re a so n a b le  assu m p tio n  f o r  a  l i q u i d  w ith  ^  = 1* p o i s e ,  a t  
100 kHz.
The t e s t  l i q u i d  was A ro c lo r  12U8 ( t e t r a c h lo r o d ip h e n y l ) , s u p p lie d  
by Monsanto L td.* T h is  p o la r  l i q u i d  was chosen b ecau se  i t s  c o e f f i c i e n t  
o f  v i s c o s i t y  was s u i t a b l e  f o r  t h i s  te c h n iq u e  and b eca u se  o n ly  p o la r  
l i q u id s  w ere fo und , by th e  D ire c t  Im m ersion T ech n iq u e , t o  d is p la y  
anom alous v isc o u s  b e h a v io u r  when e l e c t r i c a l l y  s t r e s s e d .
7 .2 .2  U ltr a s o n ic  D ata .
■ 5Frequency  o f  o p e r a t io n ,  f  = 100 kHz, CO -  21^f  = 2 IT x 10 
r a d . s  V
L ength  o f  r o d s ,  ^  , = 1+0.0 cm.
D iam eter o f  ro d s ,  Cb = 0 .9 5 2  cm.
“3D en sity  o f  ro d s  = 7*9 g cm
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M easured v e lo c i ty  o f  wave p ro p a g a tio n  in  r o d s 3 , = 3 .2  x  105 cm .s"1
D e n s ity , ^  , = l .U  g cm
x
- i c* eir
On im m ersing a  ro d  in  th e  l i q u i d ,  th e  r e s u l t i n g  change in  
a t te n u a t io n  i s  d e c ib e ls  p e r  r e f l e c t i o n  o r  1.1*3 x 10~3
n ep ers  p e r  cm.
From e q u a tio n - l* .l* .l ,  th e  s p e c i f i c  m ech an ica l r e s i s t a n c e ,
= 1 .7 5  x  10 3 I \f \  dyn e .s .cm  3
I f  th e  l i q u i d  i s  N ew tonian, i . e .  R = X , from e q u a tio n  1+.1+.2
V-
% =  — f 2  pft CD
and hence rfJj = 6 . 1*6 ( p o is e
(*> rl  ~ 6,1,6 p
A R  and S f)  a r e  m easured in  d e c ib e ls  p e r  r e f l e c t i o n .  A n e g a t iv e  
v a lu e  f o r  8* '  im p lie s  t h a t  th e  v i s c o s i t y  o f  th e  l i q u i d  in  th e  t e s t  
c e l l  i s  lo v e r  th a n  in  th e  r e f e r e n c e  c e l l ,  u nder th e s e  c o n d i t io n s  th e  
a t t e n u a to r  i s  sw itc h e d  from th e  r e f e r e n c e  c e l l  ch an n e l t o  th e  t e s t  c e l l  
ch a n n e l, see  F ig . (5 .1 0 ) .
7 .2 .3  B ehav iour o f  A ro c lo r  12l*8 v i t h  ze ro  a p p l ie d  f i e l d .
The v a r i a t i o n  in  v i s c o s i t y  v i t h  te m p e ra tu re ,  as  g iv e n  in  th e  
m a n u fa c tu re rs ' c a ta lo g u e ,  i s  shown g r a p h ic a l ly  in  F ig . ( 7 .1 0 ) ,  a l s o  
in c lu d e d  on th e  g raph  a re  th r e e  e x p e rim e n ta l v a lu e s  f o r  v i s c o s i t y ,  
deduced from th e  u l t r a s o n ic  d a ta  o b ta in e d  in  t h i s  w ork. '
/
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Makers S p e c i f i c a t io n
U ltra s o n ic  R e s u lts  from  t h i s  
w ork .
3-0
1 2 4 8
2-0
POISE
3525
T E M P E R A T U R E  d e g C
V a r ia t io n  in  v i s c o s i t y ^  w ith  te m p e ra tu re
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7.2.1* B ehav iour o f  A ro c lo r  12l*8 v i t h  a p p l ie d  e l e c t r i c  f i e l d .
For t h r e e  d i f f e r e n t  am bient te m p e ra tu re s ,  re a d in g s  o f  ,
th e  d i f f e r e n c e  in  a t te n u a t io n  betw een th e  t e s t  and r e f e r e n c e  c e l l  o u t­
p u ts  f o r  th e  n *^1 r e f l e c t i o n ,  w ere ta k e n  f o r  v a r io u s  v a lu e s  o f  a p p l ie d  
f i e l d .  I n i t i a l l y  th e s e  re a d in g s  w ere ta k e n  a t  sm a ll i n t e r v a l s  o f  tim e
to  e s t a b l i s h  when e q u il ib r iu m  c o n d it io n s  o c c u rre d . A sam ple o f  th e s e
. Ir e s u l t s ,  to g e th e r  w ith  th e  c a lc u la te d  v a lu e s  o f  l o c a l  v i s c o s i t y
( i . e .  in  th e  v i c i n i t y  o f  th e  ro d ) in  th e  t e s t  c e l l  i s  g iv e n  i n  T ab le
( T* 9 )•  F u r th e r  t e s t s  w ere th e n  c a r r i e d  o u t on th e  tim e  s c a le  t y p i c a l l y
i l l u s t r a t e d  in  T ab le  (7 * 1 0 ).
The mean v a lu e s  o f  l o c a l  v i s c o s i t y  a re  shown a s  a  f u n c t io n  o f
a p p l ie d  f i e l d ,  a t  th r e e  v a lu e s  o f  am bien t te m p e ra tu re ,  in  T ab le  (7 * H )-a n d
F ig . 7 .1 2
The co n d u c tio n  b e h a v io u r  o f  A ro c lo r  12^*8 i s  shown in  F ig . (7 .1--').
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C e ll  te m p e ra tu re  20 .0  * 0 .2 5  deg C.
EfkV/cm) ^ '( P o i s e )
0 k . 25
1 2 .6 1+.25
25 .2 3 .29
3 7 .8 2 .59
50.1+ 2 .11
63 .0 1 .6 8
C e ll  te m p e ra tu re  22 .5  ±  0 .2 5  deg C.
E(kV/cm) (Poise)
0 2 .96
1 2 .6 2 .96
25 .2 2.1+3
37 .8 2 . li t
50.it 1 .5 3
63 .0 1 .1 8
C e ll  te m p e ra tu re  25 .0  1  0 .2 5  deg C.
EfkV/cm)
%
{Poise)
0 2 .1 7
1 2 .6 2 .1 7
25 .2 1 . 8it
37 .8 1 .5 3
50.it 1 .3 3
63 .0 0 .958
T ab le  ( 7 * l l )  V a r ia t io n  o f  th e  l o c a l  v i s c o s i t y  o f  A ro c lo r  12^+8 
w ith  a p p l ie d  f i e l d  f o r  th r e e  d i f f e r e n t  
te m p e ra tu re s .
/
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AROCLOR 1 2 4 0
I  a m p s
A  T em perature 2 5 .0  -  0 .2 5  deg C.
O T em perature 22 .5  ~ 0 .2 5  deg C
g> T em perature 20 .0  -  0 .2 5  deg C.
6
FIELD K V / c m
C onduction c u r r e n t  a g a in s t  a p p l ie d  f i e l d  f o r  th r e e  
d i f f e r e n t  c e l l  te m p e ra tu re s .
Fig.7.11.
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T em perature 2 0 .0  -  0 .2 5  deg C
O T em peratu re 22 .5  ~ 0 .2 5  deg C
A T em perature 25-0  -  0 .2 5  deg C,
3  <r
ARQCLOR 1 2 4 8
POISE
V a r ia t io n  in  lo c a l  v i s c o s i t y  a g a in s t  a p p l ie d  f i e l d  
f o r  th r e e  d i f f e r e n t  c e l l  te m p e ra tu re s .  |
SECTION 8
DISCUSSION
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8 .1  D ire c t  Im m ersion Technique r e s u l t s .
8 .1 .1  N o n -p o la r l i q u i d s .
The two s e le c te d  t e s t  l i q u id s  d id  n o t d is p la y  anom alous 
b e h a v io u r  when u n s t r e s s e d .  U sing M idland S i l ic o n e  o i l  MS200/3cS a s  a 
s ta n d a rd  f o r  v i s c o s i t y  m easurem ent ( ^  = 2 , j k  c .p .  a t  2 3 .0  deg C ) , i t  
was p o s s ib le  t o  m easure th e  v i s c o s i t y  c o e f f i c i e n t  o f  o th e r  n o n -p o la r  
l i q u id s  to  w ith in  - h % .
E l e c t r i c  f i e l d s  o f  v a lu e s  o f  up t o  200 kV/cm w ere found  n o t to  
a f f e c t  th e  r h e o lo g ic a l  p r o p e r t i e s  o f  two s i l i c o n e  o i l s .  In  view  o f  th e  
b e h a v io u r  o b se rv ed  f o r  p o la r  l i q u id s  d is c u s s e d  l a t e r  th e  p o s s i b i l i t i e s  
o f  anom alous b e h a v io u r  f o r  n o n -p o la r  l i q u i d s  a t  v e ry  h ig h  f i e l d  
s t r e n g th s  canno t be r u le d  o u t .  Ward and Lewis (1963) have shown t h a t  
f o r  n o n -p o la r  hexane (a  l i q u i d  whose v i s c o s i t y  and d e n s i ty  a r e  to o  low 
t o  b e  exam ined by th e  D ire c t  Im m ersion te c h n iq u e  in  i t s  p r e s e n t  form ) 
p r e s t r e s s in g  phenomena a t  h ig h  f i e l d s ,  o f  th e  o rd e r  IMV/cm c o u ld  be  
e x p la in e d  by a  l a y e r  e f f e c t  a t  th e  e l e c t r o d e s .
8 .1 .2  P o la r  l i q u i d s .
In  o rd e r  t o  c l a r i f y  th e  b e h a v io u r  o f  th e  m ain p o la r  t e s t  l i q u i d ,  
1 , 2 ,V  tr ic h lo r o b e n z e n e ,  th e  com posite  g raph  shown in  F ig . ( 8 . 1 ) has  
been  c o n s tru c te d .
Im m ed ia te ly  on th e  im m ersion o f  th e  t r a n s d u c e r  in  t r i c h l o r o -  
benzene th e  v a lu e s  o f  and ( th e  components o f  th e  com plex
s p e c i f i c  m ech an ica l im pedance o f  th e  l i q u i d  t o  s h e a r in g )  w ere o b ta in e d .  
These v a lu e s  w ere e q u a l ,  in d i c a t in g  N ew tonian b e h a v io u r . V alues f o r  th e  
v i s c o s i t y  w ere deduced , th e  av erag e  o f  w hich i s  c o n s id e re d  t o  b e  more 
a c c u ra te  th a n  th e  v a lu e  d e te rm in ed  u s in g  an U bbelohde v is c o m e te r .
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However, w ith in  a  p e r io d  o f  ap p ro x im a te ly  f iv e  m in u te s , t h a t  i s ,  o f  
th e  same o rd e r  as th e  tim e  r e q u ir e d  t o  make a m easurem ent, anom alous 
v a lu e s  o f  and R g  w ere o b ta in e d  w hich d id  n o t v a ry  w ith  t im e ,
th e  anomaly ly in g  in  th e  f a c t  t h a t  was found t o  he g r e a t e r  th a n
, a  s i t u a t i o n  im p ly in g  t h a t  th e  l i q u i d  p o s se s se d  n e g a t iv e  
r i g i d i t y .
T h is  p a ra d o x ic a l  r e s u l t  was a t t r i b u t e d  to  th e  p re se n c e  o f  an 
a d h e re n t l a y e r  form ing on th e  t r a n s d u c e r  s u r fa c e  (even  u n d er ze ro  
a p p l ie d  f i e l d ) .  The e s t im a te d  th ic k n e s s  o f  t h i s  l a y e r  was found  to  l i e  
betw een  10^ 2  and 10^ 2  (T ab le  (7*^0 )• T h is  ran g e  o f  v a lu e s  i s  o f  th e  
same o rd e r  as  t h a t  p ro p o sed  by o th e r  w orkers  i n v e s t ig a t in g  s o l i d -  
l i q u i d  i n t e r f a c i a l  phenomena. T h e ir  work has been  rev iew ed  in  an 
a r t i c l e ,  "D epth o f  a S u rfa c e  Zone in  a  l i q u id "  by H enn iker (19^9)•
The second  s ta g e  in  F ig . (8 .1 )  i l l u s t r a t e s  th e  b e h a v io u r  o f  X ^
f\J -
and H g  when an  e l e c t r i c  f i e l d  i s  a p p l ie d ,  th e  t r a n s d u c e r  b e in g
c o n tin u o u s ly  e x c i te d .  I t  i s  seen  t h a t  th e s e  p a ra m e te rs  v a ry  .w ith  tim e
a f t e r  th e  a p p l ic a t io n  o f  th e  f i e l d  b u t t h a t  th e  r a t e  o f  change i s
a f f e c t e d  by th e  m agnitude o f  th e  power in p u t to  th e  t r a n s d u c e r  r a t h e r
th a n -b y  th e  m agnitude o f  th e  a p p l ie d  f i e l d .  I t  sh o u ld  b e  n o te d  t h a t
th e  power in p u t to  th e  t r a n s d u c e r  i s  o f  th e  o rd e r  6 0 a t  maximum
2d r iv e  w hich co rre sp o n d s  to  a  s u r fa c e  power d e n s i ty  o f  5 0 /  cm .
W ith th e  t r a n s d u c e r  sw itch ed  o f f  and th e  l i q u i d  s t r e s s e d  f o r  
tw e lv e  h o u rs , ( s ta g e  3 i n  F ig . ( 8 .1 ) ) ,  v a lu e s  o f  X g  and Pg w ere 
o b ta in e d  w hich im p lie d , from  S e c tio n  *+, t h a t  th e  l i q u i d  in  th e  v i c i n i t y  
o f  th e  t r a n s d u c e r  p o s se ss e d  some r i g i d i t y  (G in  e q u a tio n  ( ) ,
t h a t  i s  r  X g  c o n tra ry  to  th e  u n s t r e s s e d  ca se  ( s ta g e  1 in
F ig . ( 8 .1 ) ) .  These v a lu e s  o f  an(i  b o re  no d i r e c t  r e l a t i o n ­
s h ip  to  th e  a p p l ie d  f i e l d ,  t h a t  i s  s im i la r  e f f e c t s  w ere o b se rv e d  a t  
15 kV/cm as  a t  150 kV/cm. However i t  sh o u ld  be  n o te d  t h a t  th e  e f f e c t i v e  
p e n e t r a t io n  d ep th  o f  s h e a r  waves in to  the : l i q u i d  i s  o f  th e  o rd e r  o f
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-5  ' ' . .10 cm. Thus i f  complex charge  d i s t r i b u t io n s  form  n e a r  to  
e le c t ro d e  s u r fa c e s  i t  may be  t h a t  th e  p o t e n t i a l  g r a d ie n ts  a t  th e  
s u r fa c e s  a re  f a r  in  ex ce ss  o f  th e  mean p o t e n t i a l  g r a d ie n t  betw een th e  
e le c t ro d e s  and th e r e f o r e  phenomena v e ry  c lo s e  t o  th e  e le c t r o d e  
s u r fa c e  w i l l  n o t be  p a r t i c u l a r l y  s e n s i t i v e  to  th e  m agnitude o f  th e  
p o t e n t i a l  d i f f e r e n c e  betw een  th e  e l e c t r o d e s .
The f o u r th  s ta g e  in  F ig . (8 .1 )  i l l u s t r a t e s  w hat happens when th e  
t r a n s d u c e r  i s  su d d en ly  e x c i te d  a f t e r  th e  l i q u i d  has  been  e l e c t r i c a l l y  
s t r e s s e d  f o r  a c o n s id e ra b le  p e r io d  o f  t im e . I t  w i l l  be se e n  t h a t  th e  
anomaly te n d s  to  be  re d u c e d , in  t h a t  th e  v a lu e  o f  te n d s  to  f a l l  to
i t s  N ew tonian v a lu e  w h ile  th e  v a lu e  o f  te n d s  t o  r i s e . t o  th e
N ew tonian v a lu e . We m igh t i n t e r p r e t  t h i s  by sa y in g  t h a t  th e  
p r e s t r e s s in g  f i e l d  im p a rts  to  th e  l i q u i d  some deg ree  o f  r i g i d i t y
) and t h a t  t h i s  e f f e c t  te n d s  to  be removed by th e  u l t r a ­
s o n ic  a g i t a t i o n  o f  th e  t r a n s d u c e r ,  b e a r in g  in  mind t h a t  a lth o u g h  th e  
u l t r a s o n ic  power i s  low , i t  i s  d i s s ip a t e d  in  a v e ry  s h o r t  d i s t a n c e .
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8 .2  Long Rod Technique r e s u l t s .
Work ■with D ire c t  Im m ersion T echnique had  shewn t h a t  f i e l d  
dependent r h e o lo g ic a l  b e h a v io u r  was o n ly  d e te c ta b le  i n  p o la r  l i q u i d s .
The p o la r  l i q u i d  most s u i t a b l e ,  b ecau se  o f  i t s  v i s c o s i t y  p o i s e ) ,
f o r  ex am in a tio n  by th e  Long Rod Technique was found t o  be th e  
c h lo r in a te d  d ip h e n y l A ro c lo r  12^-8 s u p p lie d  by M onsanto. The e x a c t 
co m p o sitio n  o f  t h i s  s u b s ta n c e , w hich i s  com m ercia lly  r e f e r r e d  to  as  
t e t r a c h lo r o d ip h e n y l ,  i s  n o t known ex cep t t h a t  i t  c o n s i s t s  o f  a  m ix tu re  
o f  v a r io u s  c h lo r in a te d  d ip h e n y ls  and k8%, by w e ig h t , o f  i t  i s  c h lo r in e .
However, i t s  p h y s ic a l  p r o p e r t i e s  a re  w e ll  d e f in e d  and  many o f  them  have
been  m easured  (se e  f o r  exam ple C la rk  (1962 ) ) .  The -u lt ra so n ic  v a lu e s  o f  
v i s c o s i t y  a t  t h r e e  d i f f e r e n t  te m p e ra tu re s  w ere found  t o  a g re e  w ith  d a ta
p u b lish e d  in  th e  m a n u fa c tu re r s ' c a ta lo g u e  t o  w ith in  5%,
On e l e c t r i c a l l y  s t r e s s i n g  th e  l i q u i d  a t  th e s e  t h r e e  te m p e ra tu re s  
i t  was found t h a t  th e  v i s c o s i t y  o f  th e  l i q u id s  on th e  t e s t  c e l l  ap p ea red  
to  d e c re a se  w ith  in c r e a s in g  f i e l d .  P e r io d s  o f  th e  o rd e r  o f  500 m in. 
w ere r e q u ir e d  b e fo re  e q u i l ib r iu m  was e s ta b l i s h e d  a t  any p a r t i c u l a r  v a lu e  
o f  th e  a p p l ie d  f i e l d .
I f  we re g a rd  t h i s  d e c re a se  in  v i s c o s i t y  as  due to  l o c a l  h e a t in g  
a t  th e  in n e r  e le c t r o d e  o f  th e  c o a x ia l  assem bly  th e n  th e  im p l ic a t io n  i s  
t h a t  a  te m p e ra tu re  d i f f e r e n c e  o f  th e  o rd e r  5 to  I O  deg C e x i s t s  
betw een th e  o u te r  ( te m p e ra tu re  m o n ito red ) h ig h -v o l ta g e  e l e c t r o d e  and 
th e  in n e r  e le c t r o d e .  T h is  c o u ld  have a r i s e n  due t o  J o u le  h e a t in g  o f  
th e  l i q u i d  as a  r e s u l t  o f  th e  d i r e c t  c u r r e n t  f lo w in g  betw een th e  
e l e c t r o d e s .  T h is  was t y p i c a l l y  o f  th e  o rd e r  o f  1mA a t  1 kV. Thus 
th e r e  was d i s s ip a t io n  o f  energy  a t  th e  r a t e  o f  1 w a tt  w i th in  th e  b u lk  
o f  th e  l i q u i d .
I f  we assume t h a t  t h i s  power in p u t was lo c a te d  a t  th e  c a th o d e  o r  
in n e r  ro d , (due t o  n o n -u n i form p o t e n t i a l  d i s t r i b u t i o n ) ,  and t h a t  th e
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th e rm a l c o n d u c t iv i ty  o f  th e  l i q u i d  -was o f  th e  o rd e r
—3 —I  ” 12 x 10 J .c m . S. (deg  C) a te m p e ra tu re  r i s e  o f  10 deg C m ight he
e x p e c te d  to  o ccu r ( n e g le c t in g  co n v e c tio n ) in  ap p ro x im a te ly  100 m in. 
a f t e r  a p p l ic a t io n  o f  1 kV to  th e  c e l l ,  t h a t  i s  o f  th e  same o rd e r  o f  
m agnitude r e q u ir e d  f o r  e q u i l ib r iu m  c o n d itio n e d  to  e s t a b l i s h  th e m se lv es  
in  p r a c t i c e ,  ( i t  has been  shown by Mason (19^7) t h a t  th e  l o c a l  h e a t in g  
due to  th e  u l t r a s o n ic  power in p u t i s  n e g l ig ib le .)
/
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8 .3  A p p a ra tu s .
8 .3 .1  D ire c t  Im m ersion C e l l .
T h is  c e l l  was found  t o  he cap a b le  o f  .w ith s ta n d in g  a p p l ie d  v o lta g e s  
30 kY w ith o u t breakdow n o r  w ith o u t d e te c ta b le  co rona  d is c h a rg e .
The u se  o f  a  c l o s e d - c i r c u i t  p u r i f i c a t i o n  s ta g e  was found  to  ea se  
c o n s id e ra b ly  t e s t - c e l l  c le a n in g  and l i q u i d  p u r i f i c a t i o n .
D uring  th e  co u rse  o f  t h i s  work i t  was n o te d  t h a t  th e  in c lu s io n  o f  
a  s u b s id ia r y  e a r th e d  e le c t r o d e  in  th e  t e s t  c e l l  (d e s c r ib e d  in  S e c t io n  5) 
was q u i t e  e f f e c t i v e  in  rem oving co n d u c tin g  e lem en ts  from  th e  t e s t  
l i q u i d  when th e  c e l l  was co n n ec ted  to  th e  h ig h  v o lta g e  su p p ly . T h is  
te c h n iq u e  i s  w e ll  known t o  th o s e  w orking  in  h i g h - f i e l d  phenomena in  
l i q u i d s .  A v e ry  n o te d  enhancem ent o f  t h i s  e f f e c t  was fo u n d , f o r  b a d ly  
co n tam in a ted  l i q u id s  i f  th e  t r a n s d u c e r ,  w hich i s  a l s o  a t  e a r th  
p o t e n t i a l ,  was e n e rg is e d  w h ile  th e  h ig h  v o l ta g e  was a p p l ie d  t o  th e  c e l l .  
So s u c c e s s fu l  in d e e d  was t h i s  te c h n iq u e  t h a t  i t  was c o n s id e re d  w o rth ­
w h ile  a p p ly in g  f o r  a p r o v is io n a l  p a t e n t .
8 .3 .2  The Long Hod C e l l s .
The u l t r a s o n ic  perfo rm ance o f  th e s e  c e l l s  a p p ea red  t o  be 
s u p e r io r  t o  th o s e  a l re a d y  in  e x i s te n c e .  T h is  was th o u g h t t o  b e  due to  
th e  m ethod o f  e n e rg is in g  th e  t r a n s d u c e r .  The m ethod u sed  by o th e r  
w o rkers in v o lv e s  a  c e r t a i n  amount o f  con tinuous-w ave b re a k th ro u g h  from  
th e  d r iv in g  o s c i l l a t o r  to  th e  d e te c to r  w hich l i m i t s  th e  number o f  p u ls e  
re f le c tio n •  whose m agnitude can be a c c u r a te ly  m easured . I n  th e  
te c h n iq u e  d ev eloped  in  t h i s  w ork, u t i l i s i n g  re e d  s w itc h e s ,  such  b re a k ­
th ro u g h  was red u ce d  to  z e ro .
. The n e c e s s a r i ly  la r g e  s u r fa c e  a re a  o f  th e  e le c t r o d e s  r e s u l t e d  in  
a  co nductance  o f  th e  t e s t  c e l l  w hich was so la r g e  f o r  th e  p o la r  l i q u i d s  
u sed  in  t h i s  work t h a t  th e  h ig h  v o lta g e  power su p p ly  was e a s i l y
13 2
o v e rlo a d e d . Thus th e  maximum p o te n t i a l  g ra d ie n t  w hich c o u ld  be 
m a in ta in e d  was abou t 10 kV/cm.
/
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9* C o n c lu sio n s
Low v i s c o s i t y  n o n -p o la r  l i q u i d s ,  when s u b je c te d  to  u l t r a s o n ic  
sh e a r  w aves, d id  n o t d is p la y  any u n u su a l r h e o lo g ic a l  "behaviour even 
when e l e c t r i c a l l y  s t r e s s e d .  T h is  was n o t th e  case  f o r  low v i s c o s i t y  
p o la r  l i q u i d s .  R e s u lts  w ere o b ta in e d ,  u n d er ze ro  a p p l ie d  f i e l d s ,  w hich 
in d ic a te d  th e  p re se n c e  o f  anom alous l i q u i d - s o l i d  i n t e r f a c i a l  b e h a v io u r . 
T h is  b e h a v io u r  was o b se rv ed  to  v a ry  c o n tin u o u s ly  w ith  tim e  fo r  two 
p o la r  l i q u id s  and a  v a lu e  f o r  t h e i r  v i s c o s i t y  co u ld  n o t be  d e te rm in e d .
A t h i r d  p o la r  l i q u i d ,  1 ,2 ,U  t r ic h lo r o b e n z e n e ,  ap p ea red  t o  a c t  i n  a 
N ew tonian m anner i n i t i a l l y  and a  v a lu e  o f  . i t s  v i s c o s i t y  c o u ld  be  
deduced . However, w i th in  a  p e r io d  o f  f iv e  m inu tes a f t e r  im m ersion o f  
th e  u l t r a s o n ic  t r a n s d u c e r  in  th e  l i q u i d  s t a b l e  b u t anom alous e f f e c t s  
became e s ta b l i s h e d .  These r e s u l t s  have been  in t e r p r e t e d  as  in d i c a t in g  
th e  p re s e n c e  o f  l a y e r  a t ta c h e d  to  th e  s u r fa c e  o f  th e  t r a n s d u c e r .  The 
th ic k n e s s  o f  t h i s  l a y e r  h as  been  e s t im a te d .
The a p p l ic a t io n  o f  an e l e c t r i c  f i e l d  t o  t r ic h lo ro b e n z e n e  was 
found  to  a f f e c t  th e  i n t e r f a c i a l  b e h a v io u r . R e s u lts  w ere o b ta in e d  w hich 
in d ic a te d  t h a t  some r i g i d i t y  m ight e x i s t  in  an e l e c t r i c a l l y  s t r e s s e d  
l i q u i d ,  a t  l e a s t  in  th e  c lo s e  v i c i n i t y  o f  th e  c a th o d e . I t  was found 
t h a t  t h i s  f ie ld - in d u c e d  r i g i d i t y  co u ld  be  a f f e c t e d  by q u i te  sm a ll 
am ounts o f  u l t r a s o n ic  a g i t a t i o n .  At th e  f i e l d s  u sed  (up t o  150 kV/cm) 
in  th e  low v i s c o s i t y  w ork, no d i r e c t  r e l a t i o n s h ip  c o u ld  be  o b ta in e d  
betw een  th e  m agnitude o f  th e  a p p l ie d  f i e l d  and th e  l i q u i d  b e h a v io u r  a t  
th e  c a th o d e .
U sing a  d i f f e r e n t  u l t r a s o n ic  te c h n iq u e  a  more v is c o u s  p o la r  
l i q u i d ,  A ro c lo r  12^8 was exam ined. R e s u lts  in d ic a te d  t h a t  N ew tonian 
b e h a v io u r  alw ays o c c u rre d  under ze ro  f i e l d  c o n d it io n s  and t h a t  l o c a l  
h e a t in g  o c c u rre d  when th e  l i q u i d  was s t r e s s e d  a t  r e l a t i v e l y  low  f i e l d s ,  
th u s  m asking any o th e r  s m a lle r  r h e o lo g ic a l  changes t h a t  m igh t have
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o c c u rre d .
I t  has been  c l e a r l y  d em o n stra ted  t h a t  th e  ex am in a tio n  o f  th e .  
r h e o lo g ic a l  b e h a v io u r  o f ■l i q u i d s ■ by th e  u l t r a s o n ic  te c h n iq u e s  u sed  
in  t h i s  and o th e r  work i s  made ex tre m ly  d i f f i c u l t  when complex i n t e r ­
f a c i a l  phenomena o c c u r . T h is i s  p a r t i c u l a r l y  t r u e  in  th e  ca se  o f  p o la r  
l i q u i d s ,  even in  th e  absence o f  an a p p lie d  f i e l d .  The a p p l ic a t io n  o f  
an a p p lie d  f i e l d  seems to  in c re a s e  th e  com plex ity  o f  th e  i n t e r f a c i a l  
phenomena.
The anom alies  d e te c te d  in  u n s tr e s s e d  p o la r  l i q u id s  m igh t be  . 
removed i f  th e  co n d u c tin g  e le c t ro d e s  on th e  t r a n s d u c e r  s u r fa c e  w ere 
covered  by a  t h i n ,  h ig h ly  r e s i s t i v e ,  c o a t in g .  T h is i s  a  to p ic  w hich i s  
w orthy  o f  f u r th e r  in v e s t ig a t io n .  Such a  remedy would n o t n e c e s s a r i ly  
be  a p p l ic a b le  in  exam ining h ig h  f i e l d  pehnomena u n le s s  th e  p e r m i t t i v i t y  
and c o n d u c t iv i ty  o f  th e  c o a t in g  co u ld  be  m atched to  th o s e  o f  th e  t e s t  
l i q u i d  so as to  av o id  e x c e s s iv e  p o t e n t i a l  g r a d ie n t  e x i s t in g  in  th e  
c o a t in g .
We conclude t h a t ,  in  s p i t e  o f  th e  d i f f i c u l t i e s  e n c o u n te re d , th e  
r e s u l t s  o b ta in e d  and th e  anom alies d e te c te d  th row  a  new l i g h t  on th e  
p h y s ic a l  phenomqpa o c c u rin g  in  p o la r  l i q u i d s .  These phenom ena, a lth o u g h  
d i f f i c u l t  t o  a s c e r t a in  p r e c i s e ly ,  p ro v id e  v a lu a b le  b a s ic  in fo rm a tio n  f o r  
f u r th e r  developm ent in  e x p e r im e n ta l te c h n iq u e ,  w h i ls t  an ad eq u a te  
e x p la n a tio n  o f  th e  e le c t ro v is c o u s  phenom ena, rev iew ed  i n  S e c t io n  3 , 
m ust a w a it f u r th e r  a t t e n t i o n .
/
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APPENDIX A.
E le c tr o d e le s s  n ic k e l  p l a t i n g  o f  th e  q u a r tz  t r a n s d u c e r  
(D ire c t  Im m ersion T ech n iq u e)
30 g. n ic k e l  c h lo r id e .
10 g . sodium  h y p o p h o sp h ite .
65 g* ammonium c i t r a t e .
50 g* ammonium c h lo r id e .
These w ere d is s o lv e d  in  1000 ml o f  d i s t i l l e d  w a te r .
The t r a n s d u c e r  was s t r ip p e d  o f  a l l  t r a c e s  o f  p re v io u s  p l a t i n g ,  
u s in g  a  n i t r i c  a c id  b a th .  (The q u a r tz  body was o r i g i n a l l y  e tc h e d  
s l i g h t l y  w ith  h y d ro f lu o r ic  a c id ) .  The q u a r tz  body was th e n  th o ro u g h ly  
w ashed in  d i s t i l l e d  w a te r ,  d eg rea sed  w ith  h o t t r i c h lo r o e th y le n e  and th e n  
f u r th e r  w ashed in  m e th an o l. I t  was th e n  im mersed i n  a  c a t a l y s t  
c o n s is t in g  o f  a s a tu r a t e d  s o lu t io n  o f  p a lla d iu m  .c h lo r id e  to  w hich a  few 
drops o f  s ta n n ic  c h lo r id e  had been  added . The q u a r tz  body was a llo w ed  
to  rem ain  in  t h i s  c a t a l y t i c  s o lu t io n  f o r  a  p e r io d  o f  tw e n ty - fo u r  h o u rs .  
I t  was th e n  w ashed in  m ethano l and d r ie d ,
A c le a n  t e s t  tu b e  o f  th e  s to c k  s o lu t io n ,  w ith  j u s t  s u f f i c i e n t  
ammonia to  change th e  c o lo u r  from g reen  to  b lu e ,  was h e a te d  to  
a p p ro x im a te ly  90 deg C. The q u a r tz  body was h e a te d  in  d i s t i l l e d  w a te r  
to  a  s im i la r  te m p e ra tu re .
The q u a r tz  was th e n  p la c e d  in  th e  h e a te d  s o lu t io n  and p l a t i n g  was 
o b se rv ed  to  commence w ith  th e  e v o lu tio n  o f  sm a ll b u b b le s  from  th e  
s u r fa c e  o f  th e  q u a r tz .
The t e s t  tu b e  was f r e q u e n t ly  p la c e d  in  an u l t r a s o n ic  b a th  d u r in g  
t h e 'p l a t i n g  p ro c e d u re  in  o rd e r  to  e n su re  d is lodgem en t o f  n o n -a d h e re n t 
p l a t i n g  and a llo w  f r e s h  p la t in g  a c t io n  t o  ta k e  p la c e .  P ro v id in g  t h a t  an 
i n i t i a l  m a tt d e p o s it  o f  n ic k e l  was o b se rv ed  to  be a l l  o v e r th e  s u r f a c e
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o f  th e  t r a n s d u c e r j  p a r t i c u l a r l y  in  th e  p iv o t  r e c e s s e s ,  two f u r th e r  
im m ersions g e n e ra l ly  r e s u l t e d  in  a  d e p o s it  t h a t  was t h i c k  enough f o r  
th e  p u rp o se  o f  t h i s  work. A f te r  w ash ing , th e  p la te d  to d y  was s u b je c te d  
t o  v e ry  f in e  w et o r  d ry  carborundun  p a p e r .a n d  a  smooth s a t i n  f i n i s h  
o b ta in e d .
A le a d  was th e n  a t ta c h e d  to  th e  p la te d  body w ith  th e  a id  o f  
s i l v e r  fdag* su sp e n s io n . The body was th e n  p a in te d  w ith  h o t wax w hich 
was a llo w ed  to  s o l i d i f y .  l i n e s  w ere th e n  s c r ib e d  w here i t  was
d e s i r e d  t o  remove th e  p la t i n g .
The ex ce ss  p la t i n g  was removed e l e c t r o l y t i c a l l y . T h is  was found 
t o  be q u ic k e r  and more s u c c e s s fu l  th a n  s t r a ig h tf o r w a r d  e tc h in g  as th e  
wax te n d e d  t o  l i f t  o f f  in  th e  p re se n c e  o f  s t ro n g  a c id  s o lu t io n s .  When 
th e  d e s i r e d  e le c t r o d e  c o n f ig u ra t io n  was o b ta in e d  (checked  w ith  th e  a id  
o f  an  Avometer) th e  l e a d  was removed and  th e  t r a n s d u c e r  w ashed w ith  
t r i c h lo r o e t h y le n e .
The edges o f  th e  e le c t r o d e s  w ere th e n  g e n t ly  sm oothed w ith  w et o r  
d ry  carborum dun p a p e r  u n t i l  f lu s h  w ith  th e  q u a r tz  s u r f a c e .  The 
t r a n s d u c e r  was p o l i s h e d  w ith  a  v a r i e ty  o f  su b s ta n c e s  s t a r t i n g  w ith  
com m ercial b r a s s * p o l is h  and end ing  w ith  an ex c e e d in g ly  f in e  a b ra s iv e  
n o rm ally  u sed  f o r  th e  p r e p a r a t io n  o f  sem ico n d u c to r sam p les.
P ro v id e d  a t t e n t i o n  was p a id  to  a c h ie v in g  a b s o lu te  c l e a n l in e s s  in
th e  p re lim in a ry  s ta g e ,  a  s t r o n g ly  a d h e re n t s e t  o f  e l e c t r o d e s  c o u ld  be
o b ta in e d  p o s s e s s in g  a  h ig h  s u r fa c e  f i n i s h .  These e le c t r o d e s  w ere found
2n o t to  l i f t  o f f  under an  e s t im a te d  s t r e s s  o f  200 g . /cm .
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Abstract
Two experimental techniques for measuring the viscosity of insulating liquids 
under conditions o f strong electric fields have been developed. In both cases a 
torsional ultrasonic transducer is used to generate shearing motion in the liquid which 
is contained in a coaxial test cell. In one technique, which is suitable for liquids of 
low viscosity (below about 1 poise), the torsional transducer is directly immersed in 
the liquid under test and the viscosity is deduced from measurements of the resonant 
frequency and the resistance at resonance of the transducer.
In the other technique, which is suitable for higher viscosities, the transducer is 
used to send trains o f torsional waves down the central rod o f the coaxial cell. The 
wave trains are reflected from the end of the rod and re-excite the transducer. 
Measurements o f the amplitude and phase o f the electrical signals from the transducer 
may be used to determine viscosity.
Because the shear waves only propagate a short distance (typically 50 jim) into 
the liquid, the techniques are unusual in that they measure local viscosity. Hence it 
is possible to measure the viscosity o f an insulating liquid close to the anode or 
cathode o f the test cell.
Resume
On a mis au point deux techniques experimentales pour mesurer la viscosite de 
liquides isolants soumis a des champs electriques intenses. Dans les deux cas un 
transducteur ultrasonique a torsion est utilise pour produire un mouvement de cisaille- 
ment du liquide qui est contenu dans une cellule d’essais coaxiale.
Dans la premiere technique, qui convient aux liquides de faible viscosite (en 
dessous d’une poise) le transducteur a torsion est directement plonge dans le liquide
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experimente et la viscosite est deduite de mesures de la frequence de resonance et de 
resistance a la resonance du transducteur.
Dans l’autre technique, qui convient aux viscosites plus elevees, le transducteur 
envoie des trains d’ondes de torsion le long de la tige centrale de la cellule coaxiale. 
Ces trains d’ondes sont reflechis par l’extremite de la tige et reexcitent le transducteur. 
La mesure de l’amplitude et de la phase des signaux electriques provenant du trans- 
ducteru peut etre utilisee pour trouver la viscosite.
Vu que les ondes de torsion ne se propagent qu’a tres faible distance dans un 
liquide (par exemple 50 microns), ces techniques sont uniques en leur genre en ce 
qu’elles permettent de determiner la viscosite locale. En consequence, il est possible 
de mesurer la viscosite d’un liquide isolant tout pres de l’anode ou de la cathode 
de la cellule d'essai.
1. —  Introduction
A knowledge of the influence of strong electric fields on the viscosity 
of liquid dielectrics is important because Ostroumov [1] has shown that 
conduction processes in insulating liquids may be explained by a hydro- 
dynamic theory. Furthermore, recent work [2] has supported this type of 
theory and pointed out that liquid motion must be considered when inter­
preting the pre-breakdown behaviour of insulating liquids.
A number of experiments have been performed to study the inter­
action of electric fields and viscosity, mostly utilising capillary flow methods. 
The first reliable work on the influence of steady and power frequency fields 
on viscosity was that of Andrade and Dodd [3] who also reviewed the earlier 
work, which contained many conflicting results. Andrade and Dodd used 
a rectangular sectioned capillary tube for their experiments; which were 
performed with weak fields, typically up to 35 kV cm-1 . In these experi­
ments viscosity changes were only observed in liquids containing polar 
molecules, and the viscosity increase was related to the conduction current. 
To explain their observations they developed the theory that clusters of ions 
and polar molecules were formed and that these clusters were responsible 
for large local increases in viscosity adjacent to the capillary walls which 
formed the electrodes. As a result of more recent work, alternative me­
chanisms have been suggested for these apparent increases in viscosity 
[4, 5].
The techniques described in this paper will enable viscosity measure­
ments to be made at high field strengths; and are unusual in that they 
measure the viscosity close to a surface, rather than the average viscosity 
of a volume of liquid. Torsional transducers are used to generate shearing 
waves in the liquids, but the waves are highly attenuated and are effectively
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damped out after propagating for only a short distance. The electric field 
used to stress the liquid is established between a cylindrical transducing 
element and an outer coaxial electrode, and hence the shearing motion and 
the electric field are orthogonal. Viscosity is deduced from purely electrical 
measurements made on the transducers.
2.1. General
By using torsional transducers, measurements are made of the cylin­
drical wave shear mechanical impedance (Zc) of the liquids under test. 
Except for liquids of high viscosity, Z c is very nearly equal to the plane 
shear wave impedance Z L. For the ‘Direct Immersion’ technique (Section 
2.3) this approximation is valid, but for the higher viscosity liquids measured 
with the ‘Long Rod’ technique (Section 2.4) the wave lengths are such that 
the curvature of the transducing surface becomes significant and a correction 
must be made to obtain Z L.
Z L is defined as the ratio of shear stress to the rate of change of 
displacement transverse to the direction of propagation of the wave, and 
is a complex quantity [6]. For a liquid exhibiting Newtonian behaviour 
(i.e. in which only viscous effects are observed) there is a simple relationship 
between ZL (measured in ‘Mechanical Ohms’) and the viscosity r\, viz : —
where /  is the frequency of the sinusoidal shearing motion and p is the 
density of the liquid. The techniques described enable R L and X T, to be 
determined independently,
If the waves propagated in a liquid from a torsionally oscillating 
surface may be regarded as being approximately plane, for a Newtonian 
liquid they obey the propagation equation :
where z is the distance from the propagating surface [7]. Substituting 
typical operating conditions of say /  =  50 kHz, p =  1 gm cm-3 , r) =  1 
poise, it is seen that the wave amplitude is reduced by a factor of ten in 
about 60 |rm, and hence it is the liquid very close to the oscillating surface 
which contributes most of the drag and hence determines Z L.
For a liquid exhibiting non-Newtonian behaviour (i.e. showing the
2. —  Experimental
ZL -  RL + ;X L =  (1 + /) V p ^ 7  (dyne sec. cm-3 ) (1)
p = po ex p — — (1 + } ) z
V
(2)
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effects of some form of shear elasticity or configurational rigidity), X L is no 
longer equal to R L, and results must be interpreted with the aid of visco­
elastic theory. However, for simple liquids which exhibit only shear 
elasticity, the relaxation time is tj/G x =  x , where G* is the high frequency 
rigidity modulus which is typically 1010 dyne cm-2 [6]. Hence for simple 
liquids relaxation effects will only be observed at very high frequencies, but 
some liquids (e.g. with long chain molecules) show configurational rigidities, 
resulting in non-Newtonian behaviour at much lower frequencies [8]. 
However, even when relaxation occurs information about the viscous be­
haviour and hence the structure of the liquid can still be obtained.
2.2. Choice of Experim ental Techniques
Piezoelectric crystals are used to generate the torsional shearing motion, 
and although various piezoelectric materials have been used for such 
transducers [9; for general reading, see also 10] quartz transducers have 
been chosen for their stability and convenience of manufacture. For these 
transducers the relationship between fundamental frequency /0 and length 
/ expressed in cm is :
f0 =  195// kHz
In order to cover the desired viscosity range two experimental 
techniques have been developed. For liquids of low viscosity (1 centipoise to 
2 poise) ZL can be deduced from changes in the electrical parameters of a 
resonant quartz transducer when it is immersed directly in the test liquid. 
(The “Direct Immersion” technique). This simple method is relatively sen­
sitive over its useful viscosity range, but is rectricted to liquids which have 
a low conductivity. The technique was first proposed by Mason [9] and 
has subsequently been developed by Barlow et al. [11]. The electric field 
in the liquid is established by applying an E.H.T. potential between an 
electrode coaxial with the transducer and the transducer’s electrodes.
For liquids of viscosity greater than a few poise, the loading introduced 
by the liquids is too great to permit measurements to be made with 
transducers operated directly in their resonant mode and it is necessary to 
utilise a travelling wave technique, first proposed by McSkimin [12] (The 
“Long R od” technique). In this case a quartz transducer is used to transmit 
pulses of torsional waves down a metal rod, the pulses are reflected from 
the free end and return to re-excite the quartz crystal. Z L is deduced from 
changes in the amplitude and phase of the received pulses when the rod is 
surrounded by the test liquid. An advantage of this technique is that the
E.H.T. is applied between the metal rod and a coaxial cylinder, and the 
transducer is not subjected to the strong field.
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2.3. The D irect Immersion Technique
When a transducer is directly immersed in a liquid, ZL can be deduced
from changes in the resonant frequency and resistance at resonance. If the
resonant frequency and resistance in vacuo are /0 and R 0 respectively, and 
change in the presence of a liquid to fr and R r, then :
R, = R0 + Ki Rl (4)
/r  = / o — K2Xl  (5)
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F i g u r e  1
Electrical system. Direct immersion technique.
where Kj and K2 are constants for the transducer. For quartz transducers:
and
(6)
(7)
where pQ is the density of quartz whilst r and / are the radius and length 
of the transducer. L  is the effective electrical inductance of the transducer 
in vacuo, and can be determined by a simple electrical measurement [11]. 
Alternatively Ki and K2 can be evaluated by making measurements on a 
number of liquids of known viscosity.
For a typical 50 kHz quartz transducer f"  (~  9.5 mm) in diameter 
these constants have the values :
The electrical system is shown in fig. 1. Because K2 is small and also 
because the unloaded transducer has a high ‘Q’, the transducer must be 
driven from a very stable oscillator. The change in resonant frequency on 
immersion in a liquid is typically 10’s of Hz. To achieve this stability a 
crystal controlled oscillator has been built in which frequency variation is 
achieved by “pulling" the crystal’s resonant frequency by the use of series 
variable inductance. This oscillator is only variable over a limited frequency 
range, but has a short term stability of 1 part of 106.
For low viscosity liquids surface irregularities cause K2 to rise [11], 
but this effect is minimised by polishing the transducer’s entire surface after 
plating.
Under optimum conditions the technique is capable of measuring Z L 
to an accuracy of 1 % (i.e. viscosity to 2 %). The maximum transducer 
resistance which can be measured accurately is about 1 Mn, but for such 
high values of R r  (i.e. viscosity of the order of 2 poise) the resonance 
curve of the transducer is so flat that it becomes difficult to determine /K.
The earthy electrode in the E.H.T. system (i.e. the transducer) is 
composed of four conducting sectors, separated by insulating regions, but 
these unplated areas are made as small as possible to promote field 
uniformity round the transducer. Quartz torsional transducers are normally 
constructed as shown in fig. 2a, the drive leads being taken to points on 
the nodal plane. However, in this technique the transducer’s surface must 
be used as one electrode of applied field system and to facilitate this the
Kj =* 2000 ohm cm3 dyne 1 sec 1 
K2 — 0.3 cm3 dyne-1 sec-2
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Torsional transducer with normal electrode configuration as used in “long rod technique”.
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F i g u r e  2 b
Torsional transducer with electrode connections via pivots as used in “direct immersion 
technique ”.
connections to the electrode pairs are made via the support pivots as shown 
in fig. 2b. Although the alternating driving potential is developed between 
these electrode-pairs, the mean electrode potential is zero.
The transducer is housed in a vacuum tight test cell, as shown in fig. 3 
and E.H.T. voltage is applied between the transducer and a coaxial brass 
cylinder. The gap radius of Vie" (~  1.6 mm) represents a compromise 
between accuracy of gap definition and the use of only moderate E.H.T. 
voltages to achieve high fields. The ends of the brass outer electrode are 
curved in order to minimise field concentration at the transducer extremities.
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2.4. Long Rod Technique
This technique involves the use of torsional transducers propagating 
pulses of waves down a rod which is immersed in the test liquid. Viscosity 
is deduced from examination of the reflected wave trains when they re-excite 
the transducer. When the loading due to the medium surrounding the rod 
is varied, there are corresponding changes in the amplitude and phase of 
the series of echos measured as the electrical output from the transducer. 
The relationship between Z c the cylindrical wave liquid impedance and the
Inlet
Transducer
Vac. tight connection
Locknut
P.T.F.E. guide
Epoxy resin bond
3 /8 "  dia
1/16'
Silver stl. rod
Brass E.H.T. electrode
Pivot
1 /2" radius 
,, Nylon insulators
O ring seals
O utlet
and earth electrode
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Long rod cell.
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change in amplitude per journey A (expressed in nepers) and in phase per 
journey B (expressed in radians) of any received pulse is given by :
va
Zc = Rc + /Xc = pR—  (A + / B) -  ZL
In
where pR the density of the rod material and v is the velocity of propagation 
of torsional waves in the unloaded rod. The rod has a radius a and is 
immersed in the liquid over a length h. For high viscosity liquids the 
approximation ZL = Z0 is not valid, and R L and XL must be calculated 
from R 0 and X c [12].
A 40 cm long hardened steel rod is used and a 100 kHz transducer 
is bonded to one end using a thin film of cold setting ‘Araldite’. The rod 
length represents a compromise between the mechanical difficulties asso­
ciated with a large size, and the desirability of a long journey time. The 
rod used provides a journey time of about 250 jxsec, which is just long 
enough for steady state conditions to be established within each pulse.
The transducer is excited by 150 [Jisec pulses of a 100 kc/s carrier, 
the P.R.F. being 200 Hz. Since ‘Q’ of the crystal is very low when loaded 
by the rod, a range of driving frequencies centred around the resonant 
frequency can be utilised. The rod assembly is mounted vertically in a 
vacuum tight coaxial cell as shown in Fig. 4, whilst Fig. 5 shows the output 
from a test cell under normal operating conditions. The transducer driving 
voltage is 150 V peak to peak, whilst the magnitude of the first echo is 
about 10 mV peak to peak.
Although tests can be performed by making successive measurements 
on a single cell, a difference technique using two similar cells has been 
developed. The E.H.T. voltage is applied to one cell and its output is 
compared with output from the unstressed cell, as shown in Fig. 6. For 
each echo any difference between attenuation and phase shift can be 
compensated out to show a null on the oscilloscope. This is effected by 
adjusting the variable phase shifter and attenuator shown in Fig. 6. By 
making measurements on several received pulses A can be determined to 
better than ±  0.05 dB, and B to better than 0.1°. Thus for a 10 poise 
liquid, viscosity can be determined to better than ±  5 % .
2.5. Specim en Preparation
The same method is used to prepare the liquid samples for both 
experimental techniques. The internal surfaces of the test cell are highly 
polished to remove imperfections which are likely to cause local break-
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F ig u r e  5 a
The output from a single empty test cell.
F ig u r e  5 b
The output from a pair of test cells showing a null on one particular echo.
downs. D irt is removed and the cells are then degreased with trichlore- 
thylene.
The cells are then coupled to the filtering and degassing apparatus 
shown in Fig. 7 and clean n-hexane is flushed through the entire system. 
It is then degassed until pressure of about 2 X 10-8  tori is achieved, a liquid 
air trap in the vacuum line being used to prevent pump contamination. If 
it is necessary to return the system to atmospheric pressure, dry Nitrogen 
is admitted.
I
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The test liquid is then introduced into the degassing chamber via the 
double filter and stirred to encourage outgassing. Depending on its vapour 
pressure, the liquid is either degassed until the pressure in the system 
stabilizes, or cooled and degassed whilst returning to room temperature. 
When the above procedure has been completed the liquid is admitted to 
the cell and stress conditioned for a suitable period.
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Specimen preparation equipment
3. —  Discussion
In the Direct Immersion technique the crystal’s length to diameter 
ratio, l /r  should be kept high, preferably in excess of 10, in order to reduce 
the tendency for the transducer to oscillate in non-torsional modes which
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could lead to erroneous measurements. A long transducer is convenient for 
applying the electric field to the liquid, but the resonant frequency is 
inversely proportional to length and hence an increase in / results in a 
reduction in Z L for a given Viscosity. Furthermore K2 is nearly propor­
tional to l/r  and a large value of K2 increases the accuracy with which 
XL can be measured. On the other hand Ki should be minimised as a high 
value will reduce the value of R L at which measurement accuracy begins 
to deteriorate. It is important to be able to make accurate measurements 
of both R l  and KL, as these two quantities can provide a cross check, 
whilst non-Newtonian behaviour will be demonstrated by a significant 
difference between R L and X L.
The principal disadvantage of the Direct Immersion technique is that 
the electric field used to stress the liquid is not very well defined. The 
radiused ends of the E.H.T. electrode result in an end correction which can 
only be calculated accurately if the form of the relationship between vis­
cosity and field strength is known. Also the small insulating gaps between 
the transducer’s electrodes result in some uncertainties in the field at the 
transducers surface. Other disadvantages of the technique are that break­
downs in the cell may damage the transducer’s electrodes and it can only 
be applied to liquids whose conductivity is such that they do not appreciably 
shunt the transducer.
The above mentioned disadvantages do not apply to the Long Rod 
technique. The electric field in the liquid is more accurately defined since
the end corrections are a very small proportion of the total length. The
restriction on the / / r ratio of the transducers may be relaxed somewhat, 
as any spurious waves (e.g. longitudinal) waves) generated by the 
transducers will propagate down the rods with different velocities to that of 
the torsional waves. Consequently these unwanted waves could be reco­
gnised when the electrical output from the crystal is examined.
The principal disadvantages of the method is that the quantities to be 
measured are small, and hence accuracy deteriorates badly for viscosities 
below 1 poise, since at this level ZL cannot be determined to better 
than ±  5 % with the existing apparatus, sensitivity being limited by noise 
and drift. Although the noise level could be reduced by more sophisticated 
electronics, small temperature changes in the accoustic system can cause 
appreciable drifting. However, the use of two rods eliminates some of these 
temperature effects, since both cells are mounted in the same thermostatic 
bath.
The long rod technique is best suited to high frequency operation as
this increases Z L for a given viscosity and permits the use of shorter rods
which are mechanically more convenient. (The minimum rod length for
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a given frequency is dictated by pulse shape considerations as outlined in 
section 2.4).
It has been shown that the rates of shear involved in both these 
techniques are well below the levels at which anomolous effects can be 
expected [9]. It is however, possible that the conduction currents in the 
liquids may cause significant self heating, and errors arising from this effect 
must be reduced by making field free viscosity determinations both before 
and after the measurements made with field applied. The conduction 
current is measured primarily because previous work has suggested that 
viscosity change is closely related to current [3, 4, 5].
These techniques are currently being applied to the detection and
measurement of viscosity changes both in commercial insulants, and in 
liquids of fundamental interest.
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